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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con- 
verted to  metric  (Sl)  units  as  follows: 


Multiply 


To  Obtain 


mils 

inches 

feet 


O.025U 

25. 

O.30U8 


millimetres 

millimetres 

metres 


pounds  (mass) 
per  cubic  foot 

pounds  (force) 
per  square  inch 

pounds  (force) 
per  square  foot 

tons  (force) 

per  square  foot 

atmospheres  (normal) 


16.OI8U6 

6.89^*757 

1*7.88026 

95.76052 

101.325 


kilograms  per  cubic  metre 

kilopascals 

pascals 

kilopascals 

kilopascals 
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EVALUATION  OF  LABORATORY  SUCTION  TESTS  FOR  PREDICTION 


OF  HEAVE  IN  FOUNDATION  SOILS 


PART  I : INTRODUCTION 

Background 

1.  Damages  to  structures  from  swell  and  shrinkage  of  foundation 
soils  due  to  changing  moisture  conditions  are  common  problems  that  occur 
frequently  in  many  parts  of  the  world,  including  extensive  areas  of  the 
United  States.  Although  the  extent  of  damages  from  swelling  soils  has 
not  been  well  recognized  in  many  local  areas,  property  losses  have  been 
estimated  to  exceed  $2  billion  annually  in  the  United  States  alone. ^ 
Differential  rather  than  total  movements  of  foundation  soils  are  gener- 
ally responsible  for  major  structural  damage. 

2.  Overlying  structures  often  induce  heave  in  swelling  soils  be- 
cause the  natural  transpiration  of  moisture  by  vegetation  and  evaporation 
from  the  ground  surface  is  inhibited.  The  amount  of  heave  or  shrinkage 
depends  on  the  thickness  and  characteristics  of  the  foundation  soils, 
the  extent  to  which  preconstruction  field  moisture  conditions  may  be  dis- 
turbed by  the  structure  and  the  new  environment,  actual  moisture  condi- 
tions during  the  life  of  the  structure,  and  changes  in  the  distribution 
of  overburden  and  lateral  pressures  in  the  foundation  soils  because  of 
construction . 

3.  Reliable  predictions  of  in  situ  heave  can  be  extremely  helpful 
in  developing  more  effective  and  economical  designs  of  structures  to  be 
constructed  on  foundations  in  expansive  clay  soils.  The  choice  of  sta- 
bilization procedures  or  soil  treatments  may  also  be  guided  by  the  mag- 
nitude of  the  heave  predictions.  However,  reliable  prediction  of  the 
amount  of  heave  beneath  various  parts  of  a structure  after  a certain 
period  of  time  is  made  difficult  by  the  effect  on  heave  of  such  soil 
variables  as  composition,  permeability,  and  stratification  and  such  en- 
vironmental variables  as  climate,  availability  of  water  following 


construction,  surcharge  pressure,  and  temperature.  One  of  the  more 
important  field  conditions,  and  one  of  the  more  difficult  to  determine, 
for  example,  is  the  final  or  equilibrium  moisture  profile. 

I4.  Numerous  pr  icedures  and  laboratory  tests  have  been  suggested 

for  determining  swell  potential  and  predicting  in  situ  heave  of  founda- 
2 

tion  soils.  The  swell  potential  is  usually  defined  as  the  percent  swell 
for  certain  specified  conditions  such  as  from  natural  water  content  to 
saturation  under  a constant  surcharge  pressure  of  1 psi.  Practical 
methods  for  determining  swell  potential  must  be  simple,  economical,  and 
useful  for  locating  soils  that  may  cause  a heaving  problem  and  for  indi- 
cating soils  that  may  need  more  thorough  testing,  but  swell  potential  is 
usually  not  a reliable  indicator  of  in  situ  heave.  Swell  potential  has 

also  been  applied  toward  determining  soil  treatments  to  reduce  founda- 
2 

tion  heave.  Laboratory  swell  tests  simulating  a variety  of  field  con- 
ditions are  frequently  performed  to  provide  better  understanding  of  the 
heave  behavior  of  foundation  soils  and  for  predicting  in  situ  heave. 

5.  No  procedure  either  for  determining  swell  potential  or  for 
predicting  in  situ  heave  has  been  shown  fully  satisfactory  or  prefer- 
able for  all  practical  applications.  Adequate  studies  have  not  been 
made  that  compare  the  usefulness  of  different  procedures  for  determining 
swell  potential  and  predicting  in  situ  heave.  Some  procedures,  for  ex- 
ample, require  special  laboratory  tests  and  equipment.  Other  procedures 
may  be  applicable  only  in  certain  locations  and  climates. 

Purpose  and  Scope 

6.  The  purpose  of  this  report  is  to  present  (a)  an  evaluation  of 
various  laboratory  tests  for  measuring  swelling  properties  of  foundation 
soils  and  (b)  comparisons  of  some  well  known  methods  for  determining 
swell  potential  and  predicting  in  situ  heave  of  foundation  soils. 

Methods  are  indicated  that  may  be  more  practical  and  reliable  than  other 
methods.  A new  suction  teclinique  for  determining  swell  potential  and 
predicting  in  situ  heave  is  investigated  that  may  be  more  practical  and 
reliable  than  existing  methods.  The  suction  metiiod  uses  results  from 
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relatively  economical  and  simple  laboratory  tests. 

T.  Procedures  studied  herein  for  determining;  swell  potential  and 
predicting  in  situ  heave  use  data  obtained  from  soil  classification 
tests;  swell  tests  performed  in  the  one-dimensional  (ID)*  consolidation 
apparatus  and  hereinafter  referred  to  as  consolidation  swell  (CS)  tests; 
pressure  membrane  cells;  and  thermocouple  psychrometers . Soil  classifi- 
cation tests  include  specific  gravity,  natural  water  content,  Atterberg 
limits,  and  percent  clay  content  less  than  2 p.  A variety  of  CG  tests 
were  perfonned  to  permit  comparison  studies. 

8.  The  pressure  membrane  cell  is  capable  of  measuring  matrix  soil 
suction,  which  can  be  related  to  the  water  content  and  void  ratio  of  un- 
disturbed soils  under  vertical  pressures  simulating  in  situ  overburden 
pressures.  Thermocouple  psychrometers  measure  relative  humidity  of  soil 
specimens  from  which  total  soil  suction-water  content  relationships  may 
be  evaluated.  Total  suction  is  defined  as  the  sum  of  matrix  and  osmotic 
components  of  suction  (Table  1).  Osmotic  suction  arises  from  the  con- 
centration of  soluble  salts  in  the  pore  water,  while  matrix  suction 
arises  from  capillary  forces  and  water  fixation  by  polar  adsorption. 


» 


For  convenience,  symbols  and  unusual  abbreviations  are  listed  and 
defined  in  the  Notation  (Appendix  A). 
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PART  ri:  METHODS  FOR  DETERMINING  SWELL  POTENTIAL 

AND  PREDICTING  HFJVVE 

Basis  of  Reliability  and  Practical  Application 

1 

9.  In  situ  heave  is  a function  of  field  conditions  such  as  soil 
I moisture,  weather,  and  confining  pressures  at  the  start  of  construction 

and  changes  in  these  conditions  at  subsequent  times  during  the  life  of 
the  structure.  Exact  simulation  of  these  conditions  in  the  laboratory 
is  not  possible.  Various  approximating  methods  are  consequently  fol- 
lowed for  determining  .swell  potential  and  predicting  in  situ  heave.  The 
reliability  of  methods  for  determining  swell  potential  and  predicting  in 
situ  heave  may  be  related  to  the  degree  of  correlation  with  measurements 
of  the  field  heave  of  foundation  soils  beneath  structures  and  pavements. 

The  extent  of  practical  application  of  reasonably  reliable  methods  may 

i 

' be  related  to  economy  and  degree  of  simplicity. 

10.  Standards  are  defined  below  for  rating  methods  for  determin- 
ing swell  potential  and  predicting  heave  based  on  the  degree  of  simplic- 
ity, economy,  and  simulation  of  field  conditions.  Methods  for  determin- 
ing swell  potential  and  predicting  heave  are  thereafter  compared  with 
reference  to  these  standards.  A new  method  based  on  soil  suction  be- 
havior is  proposed  for  determining  swell  potential  and  predicting  heave 
that  may  simulate  field  conditions  as  well  as  or  better  than  other 
I methods.  The  new  method  is  also  relatively  simple  and  as  economical  as 

many  other  methods  for  determining  swell  potential. 

Standards  for  Comparison 
i 

f 11.  The  most  important  comparison  of  a system  for  rating  dif- 

ferent methods  of  predicting  heave  of  foundation  soils  is  the  degree  of 
conformity  with  heave  observed  in  the  field.  Actual  measurements  of 
i heave  made  in  the  field  from  swelling  of  foundation  soils  are  scarce. 

I 

Three  field  test  sections  have  consequently  been  constructed  to  obtain 
field  measurements  of  heave  for  comparison  with  predictions  of  heave 
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based  on  results  of  laboratory  tests.  (The  results  of  this  field  study 
on  tost  sections  constructed  at  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (WES)  installation  at  Clinton,  Miss.;  Lackland  Air 
Force  Base  (LAFB),  Tex.;  and  Fort  Carson,  Colo.,  will  be  published  in 
a future  report  as  part  of  the  work  unit  "Foundations  on  Swelling  Soils," 
sponsored  by  the  Office,  Chief  of  Engineers,  U.  S.  Army,  Directorate  of 
Military  Constniction. ) The  standards  for  comparison  of  a rating 
system  pres'^nted  herein,  in  view  of  limited  field  data,  include: 

Amount  and  type  of  data  needed. 

Degree  of  simplicity  and  economy  in  obtaining  the  data. 

c_.  Degree  of  reliability  of  data  considering  test  equipment. 

d.  Degree  of  simulation  of  the  environment  and  field 
conditions. 


Data  needed  for  heave  predictions 

12.  Heave  in  the  field  may  occur  as  a result  of  changing  moisture 
and  pressure  conditions  due  to  construction  of  a structure  on  the  expan- 
sive soil  foundation.  Foundation  soils  may  swell  under  the  weight  of 
the  overlying  soils  and  structure  when  adequate  moisture  becomes  avail- 
able. Data  needed  to  predict  in  situ  heave  include  the  initial  and 
final  void  ratios  of  the  soil 


AH  = 


(1) 


where 

AH  = heave,  ft 

H = thickness  of  the  clay  stratiim,  ft 

e^  = final  void  ratio 

e = initial  void  ratio 
o 

The  initial  void  ratio  is  easily  obtained  from  laboratory  tests  on  un- 
disturbed soil  samples  taken  prior  to  construction.  The  final  void 
ratio  is  often  obtained  from  estimates  of  the  final  effective  pressure 
and  the  void  ratio-log  pressure  relationships  of  the  soil.  The  final 
effective  pressure  is  based  on  the  stress  distribution  and  assumed  pore 
pressures.  Predictions  of  the  rate  of  heave  may  also  require 


I't  rncabiiity  and  aoil  auction  data  or  laboratory  data  curves  of  dimen- 
sional c)i?inKe  versus  time  caused  by  wettinp;  or  changes  in  effective 
pressure.  (Evaluation  of  procedures  for  predicting  rates  of  heave 
will  be  tiie  subject  of  a future  report  as  part  of  the  work,  unit  "Founda 
tions  on  Ewelling  Coils.") 

13.  Figure  1 siiows  a schematic  of  swell  data  obtained  from  a con 
stant  volume  swell  (CVS)  test  performed  in  a ID  consolidation  apparatus 


LOG  PRESSUW;  CTy 

Figure  1.  Example  of  the  void  ratio-log  pressure  relationship  from 

a CVS  test 

An  example  of  swell  data  for  a specimen  from  Fort  Carson  is  given  in 
Figure  2.  The  numbers  in  Figures  1 and  2 refer  to  the  time  sequence  of 
each  phase  of  the  CVS  test.  The  slope  of  the  appropriate  portion  of 
the  void  ratio-log  pressure  curve  for  predicting  heave  is  often  given 
by  the  swell  index  C^  . Computation  of  settlements  due  to  consolida- 
tion from  pressures  greater  than  the  maximum  past  pressure  may  use  a 
slope  indicated  by  the  compression  index  C^  . is  almost  always 

much  less  than  C^  for  virgin  compression,  but  can  approach  C^ 
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VOID  RATIO 


Figure  2. 


CVS  test  of  specimen  from  Fort  Carson,  Boring  P-*^, 
Sample  No.  9,  depth  1^4.6  to  15.7  ft 


11 


A 


f 


for  soils  subjected  to  many  cycles  of  loading  and  unloading  (pressures 
less  than  the  maximum  past  pressure).  The  location  of  the  curve  on 
the  void  ratio-log  pressure  diagram  may  be  fixed  by  the  swell  pressure 
(SP)  measured  at  the  initial  void  ratio.  Point  6 (Figure  l)  is  sometimes 
taken  as  a measure  of  swell  pressure  as  well  as  Point  3.  These  points 
may  not  coincide  exactly,  possibly  because  of  sampling  disturbance, 
stress  history,  differences  in  structure,  and  test  procedure. 

Simplicity  and  economy  of  test 

lit.  Foundation  soils  are  often  heterogeneous  in  both  lateral  and 
vertical  dimensions.  Results  from  a large  number  of  tests  may  be  needed 
to  adequately  characterize  the  swelling  behavior  of  the  soils.  Most 
laboratory  swell  tests  are  expensive,  time-consuming,  and  usually  re- 
quire undisturbed  samples  that  may  be  difficult  to  trim  for  the  ID  con- 
solidation apparatus.  The  extent  to  which  the  various  CS  tests  simulate 
the  field  conditions  is  also  not  known.  CS  tests  conducted  with  the 
undisturbed  specimen  in  the  original  sampling  tube  will  eliminate  trim- 
ming costs  and  reduce  specimen  disturbance.  Other  methods  that  aid  in 
avoiding  or  reducing  the  number  of  CS  tests  while  still  providing 
reasonable  predictions  of  foundation  soil  heave  may  be  extremely  useful. 
Methods  for  determining  swell  potential  based  on  simple  soil  classifi- 
cation tests  are  steps  in  this  direction. 

Reliability  of  data  from  equipment 

15.  The  procedures  and  equipment  used  to  determine  the  swell  be- 
havior  of  soils  strongly  affect  the  magnitude  of  the  results.'  For 
example,  measurements  of  swell  pressure  are  significantly  reduced  by 
small  expansions  in  soil  volume,  which  may  occur  when  the  specimen 
becomes  seated  in  a consolidometer . Important  procedural  factors  in 
testing  swelling  clays  in  a consolidometer  include  loading  procedure 
(loading  increment  ratio  and  duration  of  ...oad),  friction,  compressi- 
bility of  the  consolidometer,  and  dimensional  changes  resulting  from 
compression  of  the  soil  against  the  porous  discs,  filter  paper,  and 
sides  of  the  specimen  chamber. 

16.  Considerable  time  is  usually  needed  for  consolidometer 
testing  to  reach  equilibrium  on  wetting  at  various  surcharge  pressures; 
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hence,  thin  specimens  are  desirable  to  reduce  testing  time.  Friction 
may  cause  large  errors  in  observed  loading  at  small  loading  pressures. 
Consolidometers  with  a high  stiffness  are  preferred  when  measuring  swell 
pressure. 

17.  Test  equipment  should  be  calibrated  to  correct  the  measured 
swell,  especially  with  small  changes  in  volume.  Filter  paper  is  highly 
compressible  and  should  not  be  used  in  CS  tests.  Porous  stones  should 
be  ground  smooth  to  reduce  displacement  of  the  soil  into  grooves  on  the 
surfaces  of  the  stones.  The  temperature  should  be  noted  and  maintained 
constant . 

Simulation  of  field  conditions 

18.  Significant  environmental  or  field  conditions  that  may  be 

simulated  include  soil  composition,  structure,  stratification,  pressure, 

and  the  initial  and  equilibrium  soil  moisture  profile.  Further  details 

of  field  conditions  that  influence  heave  of  foundation  soils  are  de- 

2 6—8 

scribed  in  the  literature.  ’ The  soil  composition,  structure,  and 
initial  moisture  condition  may  be  simulated  by  testing  specimens  trimmed 
from  undisturbed  soil  samples  or,  in  the  case  of  fill  materials,  by 
testing  specimens  compacted  to  a condition  identical  with  that  expected 
in  the  field.  Sufficient  undisturbed  samples  should  be  tested  to  ade- 
quately represent  the  behavior  of  the  in  situ  soils.  Stratification  and 
vertical  surcharge  pressures  may  be  simulated  by  performing  CS  tests  at 
the  field  surcharge  pressure  on  soil  specimens  taken  from  each  distinc- 
tive stratum  observed  in  the  boring  log.  The  undisturbed  samples  should 
be  obtained  from  the  field  by  reliable  methods  and  properly  preserved 
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and  protected.  ’ ’ The  total  heave  predicted  at  the  ground  surface  or 
base  of  the  foundation  is  found  by  summing  the  heaves  (Equation  l)  con- 
tributed by  each  stratum  for  the  final  effective  pressure  at  each 
stratum.  The  effects  of  lateral  pressures  are  not  simulated  during  CS 
tests,  and  the  influence  of  lateral  pressures  is  not  evaluated  when 
predicting  heave. 

19.  The  final  effective  pressure  is  calculated  in  part  from  an 
assumed  equilibrium  moisture  profile.  Methods  of  estimating  the  equi- 
librium moisture  profile  or  final  pore  water  pressure  distribution  with 
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depth  that  may  occur  in  the  field  commonly  use  a saturated  profile  (zero 
negative  pore  water  pressure)  or  a profile  of  decreasing  negative  pore 
water  head  with  increasing  depth  from  the  ground  surface  (Figure 


mh 


mh. 


+ h 


(2) 


where 

T , = negative  head  at  distance  h above  the  depth  of  the  active 
zone  h^  , ft 

= negative  head  at  the  depth  of  the  active  zone  h^  , ft 
*A 


Figure  3.  Examples  of  moisture  profiles 

The  matrix  suction  head  is  positive  and  equal  to  the  negative  pore 

water  pressure  head.  Moisture  conditions  are  stable  below  the  depth  of 
the  active  zone  h^  . The  h^  , although  difficult  to  determine  for  deep 
water  tables,  is  often  assumed  identical  with  the  depth  of  shallow  water 
tables  (less  than  20  ft*  in  clay  soils)  where  t . is  equal  to  zero 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (Sl)  units  is  presented  on  page  h. 
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(Figure  3)-  A rising  water  table  can  also  lead  to  heave  due  to  the 
resulting  decrease  in  effective  pressure. 

20.  A saturated  profile  with  zero  pore  pressure  is  not  techni- 
cally stable  because  of  gravity  forces,  but  such  an  approximation  is 
reasonable  in  local  areas  near  houses  or  buildings  subject  to  excessive 
watering,  poor  drainage,  or  leaking  undergroiond  water  lines.  The  soils 
beneath  slabs  of  buildings  placed  on  the  Permian  red  clay  of  Oklahoma 

were  found  completely  saturated  after  about  20  years  although  means  of 

11  12 

wetting  from  leaking  water  lines  and  drainpipes  were  not  found.  ’ 

21.  Equilibrium  soil  moisture  beneath  highway  pavements  may  be 

much  dryer  than  beneath  houses  or  buildings  since  water  and  sewer  pipes 

and  other  man-made  sources  of  water  will  probably  not  be  present.  Soil 

suction  heads  beneath  pavements  in  Saskatchewan,  Canada,  were  on  the 

order  of  or  greater  (more  negative)  than  the  heads  given  by  Equation  2 

beneath  centers  of  pavements  but  tended  to  be  small  near  the 
13 

shoulders.  Further  details  of  estimating  equilibrium  moisture 
profiles  are  given  elsewhere. 

22.  The  degree  of  saturation  of  soil  at  equilibrium  is  often 
assumed  equal  to  one.  Then,  the  effective  pressure  may  be  calculated 

by  the  principle  of  effective  stress  from  known  or  estimated  equilibrium 
surcharge  and  pore  water  pressures.  Additional  information  is  needed  to 
relate  the  void  ratio  to  soil  suction  and  water  content  if  the  degree  of 
saturation  is  less  than  one  for  soils  at  equilibrium  moisture.  Examples 
of  field  conditions  under  which  the  degree  of  saturation  may  be  less 
than  one  at  equilibrium  include  soil  profiles  with  deep  water  tables  and 
soils  located  in  semiarid  climates. 

Comparison  of  Existing  Methods  for  Determining  Swell 
Potential  and  Predicting  In  Situ  Heave 

Methods  for  deter- 
mining  swell  potential 

23.  Most  methods  of  determining  the  swell  potential  or  degree 

2 

of  expansion  were  described  in  an  earlier  report.  Several  of  these 
7 \U-22 

methods  ’ give».  in  Table  2 were  selected  for  comparison  studies. 
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The  swell  potential  is  defined  in  various  ways  (Table  2),  usually  accord- 
ing to  the  pressure  and  moisture  conditions.  A common  definition  is  the 
percent  swell  (PS)  from  natural  water  content  to  saturation  (zero  pore 
pressure)  under  a constant  surcharge  pressure  of  1 psi.  The  surcharge 
f>ross'ure  of  1 psi  may  represent  the  loading  on  foundation  soils  exerted 
by  concrete  slabs  and  many  small  structures  such  as  houses  or  1-story 
buildings.  The  additional  pressure  exerted  by  overlying  soils  is  not 
considered;  therefore,  the  swell  potential  applies  primarily  to  surface 
soils.  A more  general  definition  of  swell  potential  is  the  percent 
swell  of  an  undisturbed  specimen  from  natural  water  content  under  the 
initial  confining  pressure  to  a state  of  saturation  under  the  confining 
pressure  expected  following  construction.  The  degree  of  expansion  is  a 
qualitative  expression  of  the  relative  swell  potential  between  soils. 

2h.  The  degree  of  expansion  may  often  be  correlated  with  soil 
classification  data  such  as  Atterberg  limits  (liquid  limit  (LL),  plastic 
limit  (PL),  and  plasticity  index  (Pl)),  shrinkage  limit  (SL),  linear 
shrinkage,  clay  content  (C),  initial  void  ratio  e^  , initial  dry 
density  > and  initial  water  content  w^  . Table  2 essentially  iiidi- 

cates  that  clays  with  greater  LL's  or  Pi's  are  more  probable  sources  of 
swelling  problems.  Any  fat  (CH)  clay  and  even  many  lean  (CL)  foundation 
clays,  however,  can  lead  to  damages  in  overlying  structures  from  dif- 
ferential heave  or  shrinkage  in  foundation  soils  with  the  proper  combi- 
nation of  field  conditions. 

25.  Other  procedures  for  determining  swell  potential  include  the 

20  T 

PVC  (potential  volume  change)  meter,  expansion  index,  and  dielectric 
21  22 

dispersion  test.  ’ The  swell  pressure  indicated  by  the  PVC  meter  will 

23 

probably  be  underestimated  due  to  expansion  of  the  proving  ring.  The 
expansion  index  test,  although  tedious  and  time-consuming,  may  be  a po- 
tentially useful  basic  measure  of  the  swell  potential  of  soils  indepen- 

7 21 

dent  of  most  field  conditions.  ’ The  dielectric  dispersion  test  is  a 
promising  and  potentially  simple  and  economical  technique  of  determining 
a swell  potential  related  to  the  water-holding  capacity  of  soils.  The 
dielectric  dispersion  is  primarily  a function  of  the  amount  and  type  of 
clay  mineral,  and  it  appears  to  be  linearly  related  to  the  expansion 

. .4  21 

index. 
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Methods  for  predicting  in  situ  heave 


1 


26.  Many  of  the  distinctly  different  types  of  methods  for  pre- 
dicting’; in  situ  heave  are  described  in  Table  3.  These  methods  attempt 
to  account  for  the  effect  of  various  field  conditions  on  heave,  whereas 
the  swell  potential  is  a measure  of  heave  independent  of  most  field  con- 
ditions. A swell  potential  defined  as  the  percent  swell  from  natural 
water  content  and  confining  pressure  to  saturation  under  the  confining 
pressure  following  construction  (paragraph  23)  may  provide  a conservative 
or  maximum  prediction  of  in  situ  heave.  Methods  in  Table  3 often  use 
results  of  CS  tests  for  calculating  volume  changes  at  each  potentially 
troublesome  clay  stratum.  Most  methods  assume  that  all  of  the  volumetric 
swell  will  develop  in  the  vertical  direction.  Fissures  may  reduce  lat- 
eral pressures  and  limit  swell  in  the  vertical  direction  to  about  one 
third  of  the  volumetric  swell. 

27.  Any  method  for  predicting  in  situ  heave  must  make  some  assump- 
tions about  the  final  pore  pressures.  The  effects  on  pore  pressures  of 
such  factors  as  climate,  changes  in  water  table  elevation  or  piezometric 
pressure  heads,  and  availability  of  water  following  construction  of  the 
structure  are  usually  ignored  during  CS  tests.  Most  methods  for  predict- 
ing heave  assume  either  (a)  a saturated  final  profile  (zero  pore  pres- 

25  2d  30  31 

sures)  ’ ’ ’ or  (b)  a final  profile  of  decreasing  negative  head 

2^  2T  2Q 

with  increasing  depth  (Equation  2),  ’ ’ ^ as  shown  in  Figure  3.  Re- 

liable methods  for  predicting  droughts  or  wet  weather  seasons,  avail- 
ability of  water,  and  changes  in  water  table  elevation  are  not  known. 
Reliable  predictions  of  in  situ  heave  are  therefore  not  yet  possible, 
except  perhaps  for  limited  cases.  A common  procedure  is  to  assiome  some 
maximum  probable  pore  pressure  profile  such  as  one  of  the  above  two  cases 
and  assume  that  the  various  causes  of  moisture  changes  will  not  lead  to 
significantly  greater  pore  pressures  than  the  assumed  profile.  The 
structure  should  be  constructed  and  maintained  in  a manner  that  will 
minimize  changes  in  soil  moisture.^  Field  data  often  indicate  a steady 


change  in  soil  moisture  toward  an  equilibrium  profile,  except  for  sea- 

0 3T  39 

sonal  influences  near  the  edges  of  pavements.  ’ 

28.  Results  of  improved  simple  oedometer  (ISO)  and  CVS  tests 
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appear  overall  to  provide  the  most  useful  information  on  rwelliru’  pro- 
p(;rties  for  predicting  in  situ  heave  for  a rfuige  of  equilibriiomi  moir.ture 
profiles  and  surcliarge  pressures.  I'redictions  of  heave  baseii  on  results 
of  double  oedometer  (DO)  tests  may  be  high  because  these  tests  allow 
water  at  zero  pore  water  pressure  to  enter  tiie  soil  specimen  before 
r. igiiif icant  surcharge  pressures  are  applied,  whereas  moisture  in  the 
field  enters  the  various  soil  layers  under  the  restricting  action  of  the 

ho 

t leld  confining  and  negative  pore  watei  pressures.  In  so.me  cases,  the 

DO  test  has  significantly  overestimated  heave.  The  more  recent  130  test 

27 

eliminates  some  deficiencies  of  the  DO  test.  Jennings  et  al.  advise 
that  the  ISO  and  DO  tests  were  developed  to  avoid  incomplete  swell  due 
to  closure  of  fissures  under  the  confining  pressure  and  to  more  closely 
simulate  field  conditions.  The  lateral  pressures  in  CG  tests  may  also 
be  very  different  from  those  existing  in  the  field.  Predictions  of 

heave  from  ISO  and  some  DO  tests  compared  well  with  observed  field 

V.  27 
heaves . 

32 

29.  Results  of  controlled  suction  tests  may  be  more  applicable 
in  heave  calculations,  particularly  if  the  expected  equilibrium  moisture 
profile  will  not  result  in  soils  with  a degree  of  saturation  equal  to 
one.  Controlled  suction  tests  performed  with  the  pressure  membrane 
apparatus  can  have  the  disadvantages  of  being  difficult  to  perform, 
tedious,  and  time-consuming,  and  these  tests  require  special  equipment. 

Predicting  Heave  from  Suction 

30.  A new  method  of  predicting  heave  based  on  soil  suction-water 
content  relationships  is  proposed  that  may  reduce  or  eliminate  the  need 
for  CG  tests  in  ID  consolidometers.  The  equipment  is  extremely  simple 
to  use  and  is  relatively  inexpensive.  The  method  can  consider  the  com- 
position, structure,  stratification,  surcharge  and  lateral  pressures, 
and  moisture  conditions.  Data  from  these  suction  tests  are  applicable 
to  most  moisture  and  loading  conditions  that  may  occur  in  the  field. 
Also,  the  degree  of  saturation  need  not  equal  one.  Observed  soil 
suction-water  content  and  volume-water  content  behavior  patterns  are 
applied  to  determine  a suction  swell  pressure  and  suction  index  of 
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soils  that  rruiy  be  used  for  predicting  heave. 
Soil  suction  and  water  content 


31.  Measurements  of  total  soil  suction  with  thermocouple  psychrom- 
eters  at  atmospheric  pressure  indicated  that  matrix  suction  can  be 
related  to  water  content  by 

log  T°  = A - bw  (3) 

m 


where 

o 

= matrix  suction  of  soil  without  surcharge  pressure,  atm 

A,B  = constants 

w = water  content,  percent 

The  reliability  of  these  measurements  is  usually  limited  below  1 atm  of 
suction.  The  parameters  A and  B are  dependent  on  the  clay  mineral- 
ogy or  composition  and  the  structure. 

32.  Typical  examples  of  the  soil  suction-water  content  curves 
determined  on  approximately  1-in.  pieces  of  undisturbed  Pierre  shale  and 
Upper  Midway  clayey  shale  illustrate  the  linear  relationship  (Figure  U ) . 
Figure  5 shows  similar  relationships  for  a sandy  lean  clay  from  Kelly 
Air  Force  Base  (KAFB).  An  osmotic  suction  may  be  indicated  in  soils 
containing  appreciable  salts  in  the  pore  water  when  wetting  these  soils 
with  distilled  water  (Upper  Midway,  Figure  U ) or  on  drying  (KAFB  Sample 
No.  U,  Figure  5)-  The  soil  from  KAFB  was  dripping  wet  and  had  a wide 
range  in  natural  water  content.  The  osmotic  suction  can  be  subtracted 
from  the  total  suction  to  yield  matrix  suction.  Substitution  of  total 
suction  may  be  more  appropriate  in  Equation  3 when  simulating  field  con- 
ditions if  the  water  available  to  the  soil  is  rainwater  or  distilled 
water.  The  effects  of  osmotic  suction  on  heave  may  not  be  observed  if 
the  water  external  to  the  soil  is  identical  with  the  pore  water  or  if 
the  pore  water  contains  negligible  dissolved  salts.  The  nature  of  the 
influence  of  the  type  and  concentrations  of  dissolved  salts  on  heave  is 
not  yet  well  understood. 

33.  An  appreciable  change  in  slope  B could  not  be  detected 
between  drying  and  wetting  from  the  natural  water  content,  which 
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Fi^^ure  U . Soil  suction-water  content  relationships  of  two  shales 
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Figure  5-  Soil  suction-water  content  relationships  of  a sandy  clny 

(cl)  from  KAFB 
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indicates  that  these  shales  do  not  have  significant  hysteresis  between 
wetting  and  drying  at  atmospheric  air  pressure  under  zero  confining 
pressure  (Figure  U) . In  contrast,  hysteresis  between  wetting  and  drying 
occurs  in  matrix  suction-water  content  relationships  measured  with  the 
pressure  membrane  apparatus  (Figure  6).**^  The  apparatus  forces 
changes  in  matrix  suction  by  air  pressures  applied  to  tne  soil.  This 
technique,  translation  of  the  pore  water  pressure  axis  by  air  press’xre. 


Figure  6.  F^xamples  of  the  suction-water  content  relationsiiip  evaluated 
by  translating  the  pore  pressure  axis 
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io  probJibly  not  the  major  caune  of  moisture  changes  in  the  field.  Swell 
observed  in  specimens  in  contact  with  free  water  from  reduction  in 
vertical  confining  pressure  during  CS  tests  is  also  probably  not  repre- 
sentative of  the  cause  of  heave  for  many  field  cases.  Changes  in  con- 
fining pressure  due  to  construction  often  occur  when  free  water  is  not 
available.  For  most  in  situ  conditions,  volume  changes  occur  in 
swelling  soils  when  water  seeps  into  and  out  of  the  foundation  soils, 
depending  on  the  availability  of  water  or  amo'unt  of  water  evaporating 
from  the  ground  surface,  under  constant  confining  pressure  with  any  air 
voids  at  or  near  atmospheric  air  pressure.  Suction-water  content  re- 
lationships determined  from  thermocouple  psychrometers  (Figures  ^4  and  5) 
are  found  by  adding  distilled  water  or  by  evaporating  water  from  the 
samples.  The  latter  proced’ire  may  be  more  representative  of  field 
conditions  than  other  procedures  when  the  effect  of  confining  pressure 
on  suction  is  applied  to  Kquation  3. 

3h.  The  slope  B of  the  relative] y hard  and  unweathered  Pierre 
shale  appears  reduced  if  the  pieces  of  undisturbed  soil  are  permitted 
to  air-dry  to  a fairly  high  suction  before  wetting  with  distilled  water 
(Figure  H).  The  reduction  in  slope  compared  to  air-drying  and  wetting 
from  natural  water  content  is  attributed  to  disturbance  of  the  soil 
structiure  such  as  slaking  due  to  wetting  from  an  air-dried  condition. 

A visual  examination  of  air-dried  soil  and  air-dried  soil  following 
wetting  indicated  disintegration  of  the  structure  and  defoliation  along 
Ifiminated  planes  generally  parallel  to  the  horizontal  plane.  An  ap- 
preciable difference  in  slope  B was  not  observed  in  the  fissured  and 
weathered  Upper  Midway  clayey  shale.  The  difference  in  slope  B may 
be  useful  when  evaluating  rebound  in  excavations  due  to  disintegration 
of  natural  bonds  in  shales  and  subsequent  swell.  Bclimertmann  observed 
increased  swell  in  some  soils  wlien  subjected  to  mechanical  remolding, 
which  he  denoted  as  "swell  sens i ti vi ty. " The  procedure  of  evaluating 
the  A , B {)ar!imeters  by  wetting  and  air-drying  from  natural  water 
content  is  useii  herein. 


Effect  of  confininf^ 
pressure  on  suction 

35.  The  effect  of  applying  a confining  pressure  o on  t° 
estimated  by 


T=T-ao=-u 
m m o w 

where 

1^  = matrix  suction  under  total  applied  pressure  o , tsf 
= compressibility  factor  for  applied  pressure  a 
u^  = pore  water  pressure,  tsf 

Confining  pressures  have  no  influence  on  osmotic  suction.  The  effective 

- ^47 

stress  o when  the  degree  of  saturation  is  one  is  given  by 


o = a - u 


Wlien  the  degree  of  saturation  is  one  such  that  for  compressible  soils 

a is  one,  substitution  of  Equation  5 into  Equation  U shows  that  t° 
o m 

is  the  effective  stress. 

36.  The  matrix  suction  is  reduced  by  bnth  vertical  and  lateral 
total  confining  pressures  such  that 

o + 2o,  (1  + 2K  )o 

V h o V / 


where 

0 = total  confining  pressure,  tsf 
0^  = total  vertical  pressure,  tsf 
= total  horizontal  pressure,  tsf 

= coefficient  of  earth  pressure  at  rest  with  respect  to  total 
pressure  a^/a^ 

37.  Eor  soils  below  the  water  table  and  quasi-saturated  soils, 
the  in  situ  may  be  determined  from  Equations  4-6 


3(t  + u 

\ m w 
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where  u is  determined  from  piezometric  measurements  and  t° 
w ra 

mined  from  laboratory  suction  measurements.  K for  soils  with 

o 

of  saturation  less  t.han  one  may  be  estimated  from 


is  deter- 
dep;rees 


K 

o 


2(1  0 
o V 


a 0 


o V 


(8) 


if  in  situ  suction  readings  of  can  be  obtained;  otherwise,  may 

be  rou**hly  estimated  from  Equation  7 for  similar  soils  below  the  water 
table . 

38.  P’rom  Equations  h and  5 and  the  equation 


0 = 


(9) 


w.here  is  the  effective  vertical  pressure,  the  coefficient  of  earth 

pressure  at  rest  with  respect  to  effective  pressure  is  given  by 


K = 
o 


2a 

V 


Combining  Equations  7 and  10  leads  to 
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k - ■‘) 
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(11) 


The  of  overconsolidated  soils  is  commonly  greater  than  one. 

is  therefore  less  than  K below  the  water  table  for  overconsolidated 

o _ 

soils,  but  could  be  greater  tiian  K above  the  water  table  where  u 

o w 

is  negative.  An  upper  bound  to  K for  overconsolidated  soils  may  be 

° 1*7 

given  by  the  coefficient  of  passive  earth  pressure. 

Effect  of  water  content  on  voliime 

39-  Changes  in  volume  and  water  content  are  related  by  a com- 
pressibility factor  derived  by  multiplying  the  unit  weight  of  water  y 

w 
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(in  grams  per  cubic  centimetre)  by  the  slope  of  a curve  relating  the  re- 
ciprocal of  the  dry  density  (in  cubic  centimetres  per  g,ram)  to 

1*5 

water  content 


a = 
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(12) 


or 
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100 
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(13) 


where 


a = compressibility  factor  for  volume  changes 
= specific  total  volume;  i.e.,  (l  + 
e = void  ratio 


G = specific  gravity 
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Lytton  and  Watt  formulated  an  expression  for 
content 


in  terms  of  water 


a = Cl  + 
s o 


(iM 


where 

a = compressibility  factor  for  volume  changes  at  zero  water 
content 

w^  = water  content  at  air  entry,  percent  dry  weight 
Q = an  exponent 


01  will  increase  to  one  when  the  degree  of  saturation  reaches  one. 
s ^ 

1*0.  Lytton  has  shown  that  (Equation  1*),  defined  as  the 

fraction  of  applied  pressure  that  is  effective  in  altering  the  pore  water 

pressure,  may  be  related  to  , but  that  they  are  not  necessarily 

equal.  The  compressibility  factors  are  assumed  equal  herein  and  denoted 

as  a to  simplify  the  following  derivations.  Research  beyond  the  scope 

of  this  report  will  be  needed  to  more  fully  understand  the  relationship 

between  these  factors.  If  the  compressibility  factor  is  not  known,  a 

1*8 

may  be  roughly  taken  as  a constant  and  estimated  from  the  PI 
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a 


0 

0.0275PI  - 0.125 
1 


(15) 


PI  < 5 

5 1 PI  1 itO 
PI  > 1*0 


a = 
a = 


A one-point  check,  of  Equation  A can  be  made  from  the  results  of  a tri- 
axial  compression  test  performed  on  Upper  Midway  clayey  shale  with 
thermocouple  psychrometers  included  for  measurement  of  total  suction. 

The  suction  was  found  to  decrease  approximately  80  percent  of  the  in- 
crease in  applied  confining  pressure,  which  corresponds  to  an  a of  0.8. 
Atterberg  limits  tests  indicated  Pi's  ranging  from  58  to  6l  such  that  a 
should  be  one  from  Equation  15.  The  compressibility  factor  is  over- 
estimated about  20  percent  for  this  example.  Skempton's  pore  pressure 
parameter  B appears  analogous  to  the  compressibility  factor  . 

Ul . The  change  in  specific  total  volume  or  void  ratio  with  re- 
spect to  water  content  may  be  approximated  from  Equation  13  as  a linear 
relationship  within  a limited  range  of  water  content  by 
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Suction  swell  pressure 

1*2.  If  a pressure  is  applied  to  a soil  specimen  to  maintain  con- 
stant volume  following  submergence  of  the  soil  specimen  in  water  of 
chemical  composition  identical  with  the  pore  water,  the  applied  pressure 
can  be  defined  as  a swell  pressure  SP  . Submergence  in  water  with  com- 
position identical  with  the  pore  water  eliminates  effects  of  osmotic 
suction.  The  matrix  suction  under  zero  confining  pressure  will  be 
(Equation  1*) 
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T 
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SP 

s 


(17) 


where  SP  is  the  suction  swell  pressure.  x is  zero  and  a is  one. 
s m 

1*3.  The  degree  of  saturation  S is  equal  to  one  at  equilibrium 
after  sorption  of  water  at  a constant  void  ratio  e . The  equilibrium 
water  content  in  terms  of  void  ratio  will  be  given  by 
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(18) 
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The  suction  swell  pressure  in  terms  of  void  ratio  is  pjiven  from  sub- 
stitution of  Equations  IT  and  l8  into  Equation  3 


log  SP^  = A 


lOOBe 

G 
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(19) 


The  suction  swell  pressure  may  be  equivalent  to  the  swell  pressure 
determined  from  laboratory  CS  tests  defined  as  above  provided  the  swell 
tests  are  performed  at  constant  volume  until  the  specimen  is  fully 
saturated  and  the  swell  pressure  is  fully  developed.  Measured  swell 
pressures  and  swells  from  laboratory  swell  tests  will  be  misleading  if 
the  degree  of  saturation  is  originally  low  or  the  permeability  is  small 
such  that  the  specimen  does  not  roach  full  saturation  during  the  course 
of  even  lengthy  tests. 

The  suction  swell  pressure  (Equation  19)  is  dependent  on  the 

composition,  structure,  void  ratio,  and  specific  gravity,  which  is  essen- 

50 

1 .ally  consistent  with  Chen's  observation  that  the  swell  pressure  of  a 
given  soil  depends  only  on  the  dry  density.  Equation  19  is  also  consis- 
tent with  the  expression  for  swell  pressure  derived  from  diffused  double 
layer  theory  by  Nishida,  Nakagawa,  and  Koike. According  to  the 
equation  for  swell  pressure  derived  by  Nishida,  Nakagawa,  and  Koike,  the 
slope  B in  Equation  19  should  be  a function  of  the  valence  and  concen- 
tration of  ions,  the  dielectric  constant,  the  surface  area  of  the  parti- 
cles, and  the  temjierature . Effects  of  structure  are  not  included  in  the 
diffused  double-layer  formulation. 

1+5.  The  suction  swell  pressure  SP  in  terras  of  the  initial 

s 

matrix  suction  without  confining  pressure  prior  to  submergence  in 

water  is  derived  by  substitution  of  Equations  l8  and  19  into  Equation  3 

o 

T 

log  = A(1  - G)  (20) 

SP^ 
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where  S is  the  degree  of  saturation  prior  to  submergence  in  water. 
Suction  index 

ii6.  From  Equation  3,  a difference  in  total  or  matrix  suction  can 
be  related  to  a change  in  water  content 

o 

T _ 

log  = BAw  (21 ) 

^mf 

where 

= initial  matrix  suction  without  surcharge  pressure,  atm 

= final  matrix  suction  without  surcharge  pressure,  atm 
Aw  = change  in  water  content,  percent 
The  change  in  volume  or  change  in  void  ratio  for  a corresponding  change 
in  suction  is  obtained  by  substitution  of  Equation  l6  into  Equation  21 
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(22) 


where 

AV/V  = fraction  change  in  volume  V 
C = suction  index  (aG  /lOOB) 

The  consolidation  equation  is  analogous  to  Equation  22  where  the 
suction  pressures  converge  to  effective  pressures  when  the  degree  of 
saturation  is  one  (Equations  I4  and  5), 

I47.  The  suction  index  is  defined  as  the  change  in  void  ratio  for 
a log  cycle  change  in  matrix  suction 

C = = 3e  (23) 

lOOB  8 log  T° 
m 


The  suction  index  appears  related  to  the  swell  index  when  a is  less 
than  one  and  to  the  compression  index  when  a is  one  as  shown  later  and 
could  be  used  to  predict  swells  and  settlements  from  changes  in 


effective  pressure.  Results  of  tests  performed  in  the  ID  consolidation 
apparatus  are  not  necessary. 

1*8.  The  magnitude  of  the  suction  index  may  be  used  as  a method  of 

identifying  the  relative  swelling  capability  of  the  undisturbed  soil  or 

used  as  a measure  of  the  swell  potential  independent  of  field  moisture 

and  confining  conditions.  The  swell  sensitivity  described  by 
Ul* 

Gclimertmann  can  be  given  quantitatively  in  terms  of  the  suction 
parameters  from  Equation  23  by 


TU  a B 
u r 


C = swell  index  of  remolded  soil 
sr 

C = swell  index  of  undisturbed  soil 
su 

C = suction  index  of  remolded  soil 
tr 

C = suction  index  of  undisturbed  soil 

TU 

= compressibility  factor  of  remolded  soil 
= compressibility  factor  of  undisturbed  soil 

= suction  parameter  of  undisturbed  soil 
B^  = suction  par?imeter  of  remolded  soil 

The  suction  index  may  also  be  useful  in  stabilization  studies  where 
smaller  values  of  a or  PI  and  larger  values  of  B indicate  more 
stable  soils. 

Determination  of  v'^lume  changws 


J*9.  Volume  changes  in  a clay  stratum  may  be  estimated  directly 
from  Equation  22;  however.  Equation  22  is  not  exact  because  a is 
assumed  constant  or  independent  of  pressure  and  water  content.  The 
compressibility  factor  may  decrease  with  increasing  confining  pressure 
and  may  become  negative,  especially  for  collapsible  soils.  Substitution 
of  Equations  3 and  1*  into  Equation  22  gives 


/mf 


(25) 


where 


T „ = final  matrix  suction  under  pressure  o„ 
mi  f 

= final  applied  pressure  at  the  final  void  ratio  e^ 
For  cases  where  S is  always  one.  Equation  22  simplifies  to 
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where  is  found  from  Equation  23  with  a equal  to  one. 

50.  Some  additional  approximation  may  be  necessary  to  compute 
heave  from  Equation  25  if  the  degree  of  saturation  increases  to  one 
such  that  a may  not  be  assumed  constant.  For  example,  a may  be  de- 
noted as  a function  of  water  content  (Equation  lU)  and  integrated  into 
Equation  25.  Equation  26  might  also  be  used  with  a determined  from 

an  average  a based  on  results  of  laboratory  and  field  studies.  Since 

h2  i+8 

highly  expansive  soils  tend  to  have  a close  to  one,  ’ substitution 
of  one  for  a in  the  expression  of  (Equation  23)  will  not  cause 

much  error  and  will  lead  to  conservative  or  safe  predictions  of  heave. 
The  a for  less  expeinsive  soils  could  continue  to  be  given  by  Equa- 
tion 15  without  causing  much  error.  The  final  confining  pressure 
should  include  any  lateral  pressures  (Equation  6)  in  overconsolidated 
soils;  otherwise,  predicted  heaves  may  be  excessive. 

Limitations  of  the  Suction  Method 


51.  The  suction  method  has  some  apparent  limitations  in  deter- 
mining swell  pressure  and  volume  changes.  At  both  high  and  low  suctions, 
the  suction-water  content  relationship  will  probably  deviate  from  the 
empirical  formulation  (Equation  3).  Deviations  at  high  suction  levels 
above  50  atm  are  probably  of  very  little  practical  significance  because 
most  field  pressures  of  interest  are  below  50  atm.  Deviations  that  may 
occur  at  low  suction  levels  of  less  than  1 atm,  which  cannot  be  ac- 
curately measured  by  the  thermocouple  psychrometer , may  be  extremely 
important  and  may  lead  to  errors  in  predictions  of  v.ilume  changes  for 
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oh:illow  soils  under  lifiht  surcharr>o  pressures.  At  low  suctions,  the 
osmotic  suction  will  iiecome  dominant  and  will  probably  lead  to  a hori- 
zontal curve  as  illustrated  in  Fi^^re  5 For  KAFB  Sample  No.  It. 

5F.  Fljuations  22  and  25  for  predicting  heave  may  not  consider 
effects  of  soil  strength.  F’or  example,  particle  bonding  may  have  some 
undefined  effect  on  swell  pressures  and  swell.  Suppose  tiiat  a relatively 
dry  r.pecimen,  containing  soluble  material  cementing  the  soil  particles 
together,  is  to  be  immersed  in  water  while  the  specimen  is  loaded  under 
a significant  surcharge  pressure.  Water  seeping  into  the  specimen,  witii 
chemical  composition  different  from  the  pore  fluid,  may  dissolve  the 
physical  and  chemical  bonds  causing  the  structure  to  collapse.  The 
developing  swell  pressure  may  not  be  sufficient  to  react  against  the 
surcharge  loading  to  support  the  weakened  structure.  Equation  19  may 
predict  the  swell  pressure  that  will  ultimately  occur  provided  the 
structure  does  not  change  significantly  (collapse)  during  the  swell  test; 
i.e.,  the  surcharge  pressure  should  be  manipulated  to  maintain  a con- 
stant void  ratio  and  the  external  (free)  water  should  be  identical  with 
the  pore  fluid.  Equation  26,  which  includes  the  suction  swell  pres- 
sure, may  account  for  volume  changes  in  collapsible  soils  and  may  pro- 
vide improved  heave  predictions  when  the  initial  degree  of  saturation 
is  less  than  one. 

53.  Equation  19  may  also  be  used  to  calculate  a swell  pressure 
in  nonexpansive  sandy  and  silty  soils,  but  the  meaning  of  such  computa- 
tions is  not  yet  clear.  Substitution  of  the  surcharge  pressure 
in  place  of  SP^  (Equation  19)  may  indicate  the  void  ratio  needed  to 
eliminate  subsequent  swell;  however,  soil  strength  is  not  considered 
and  settlement  could  occur.  Apparently,  a complete  understanding  of 
the  effect  of  suction  on  the  behavior  of  volume  changes  in  soils  may 
also  depend  on  understanding  the  effect  of  suction  on  soil  strength. 
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PART  ITT:  LABORATORY  EQUIPMENT  AND  TERTINO  PROCEDURES 


5^.  Three  series  of  tests  were  performed  to  evaluate  laboratory 
test  procedures  for  determining:  swell  potential  and  predicting?  heave  of 
fotindation  expansive  soils.  The  first  series  involved  performing:  vari- 
ations of  CS  tests  on  undisturbed  specimens.  Secondly,  pressure  mem- 
brane tests  were  performed  to  determine  matrix  suction-water  conten'^- 
void  ratio  relationships  of  undisturbed  soils  under  vertical  pressures 
simulating  the  in  situ  overburden  pressures.  Thermocouple  psychrometers 
were  used  during  the  final  series  of  tests  to  determine  total  or  matrix 
suction-water  content  relationships  of  yiieces  of  undisturbed  soil  of 
about  1-in.  dimensions.  Surcharge  pressures  were  not  applied  during  suc- 
tion measurements  with  thermocouple  psychrometers.  Standard  classifica- 
tion tests  such  as  visual  ilescription , natural  water  content,  Atterberg 
limits,  specific  gravity,  and  grain  size  distribution  analyses  were  also 
performed  on  trimmings  of  undisturbed  specimens  prepared  for  the  three 
series  of  laboratory  tests. 

Consolidometer  Swell  Tests 


55.  The  types  of  swell  tests  performed  in  ’.he  ID  consolidation 
apparatus  included  the  constant  volume  swell  (CV.S),  improved  simple 
oedometer  (ISO),  swell  overburden  (SO),  and  swell  pressure  (SP)  tests. 
The  selected  tests  provide  a reasonable  simulati  .n  of  the  different 
types  of  tests  commonly  performed  on  undisturbed  swelling  soils 
(Table  3).  Predictions  of  heave  from  these  tests  assume  that  the  final 
degree  of  saturation  is  one  and  that  the  final  jxare  pressure  is  zero 
under  the  estimated  in  situ  surcharge  pressure.  Time  required  to  per- 
form a CS  test  on  a single  soil  specimen  varied,  for  exjunple,  from  about 
2 to  3 weeks  and  3 to  5 weeks  for  SO  and  CVS  tests,  respectively,  or 
more  depending  on  the  tyyje  of  soil  an<i  niimber  of  loading  increments  and 
decrements.  Technician  time  was  needed  to  trim  and  set  up  the  specimens 
in  addition  to  time  needed  for  monitoring. 

56.  The  undisturbed  specimens  for  swell  tests  were  identically 
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trimmed  (i.e.,  ^.25  in.  in  diameter  by  1.15  in.  high)  and  seated  in  a 
ID  consol idometer  between  air-dry  porous  stones  with  a small  seating 
load  (approximately  0.02  tsf).  Filter  paper  was  not  used  to  eliminate 
error  from  compression  of  the  paper.  The  inside  of  the  reservoir  was 
moistened  and  the  specimen  and  consolidometer  assembly  were  covered  with 
impervious  plastic  to  maintain  constant  moisture  conditions.  All  ap- 
plied pressures  prior  to  adding  free  water  were  held  not  more  than 
30  min  to  minimize  loss  of  moisture.  Testing  indicated  that  specimens 
held  for  lengthy  times  prior  to  adding  water  will  decrease  in  void  ratio 
due  to  drying.  Swell  tests  were  performed  with  distilled  water  added 
to  both  top  and  bottom  porous  ceramic  stones. 

CVS  test 

57.  The  CVS  test  is  illustrated  in  Figure  1.  It  begins  with  a 

seating  load  on  the  specimen,  which  is  applied  for  30  min.  The  over- 
burden pressure  is  subsequently  applied  and  held  for  30  min. 

Free  water  is  added  to  the  reservoir  and  sufficient  load  applied  in 
small  increments  to  prevent  swelling  until  the  swell  pressure  is  fully 
developed.  The  submerged  specimen  is  unloaded  in  decrements  to  the 
seating  load.  Each  decrement  should  be  held  until  primary  swell  is 
complete.  The  dimensional  change  with  time  relationships  shown  in 
Figure  T for  the  specimen  from  Fort  Carson  (Figure  2)  illustrate  the 
lengtfiy,  uneconomical  periods  of  time  required  for  swelling  of  some 
soils.  The  time  permitted  to  achieve  rebound  normally  would  have  been 
about  1 week  (10,000  min)  or  less  because  primary  swell  appeared  to  have 
been  completed  within  this  time;  however,  long-term  testing  has  shown 
that  swell  continues  after  280  days  (^00,000  n.in).  Figure  2 illustrates 
the  modified  CVS  test  that  involves  only  two  unloading  decrements:  one 

at  the  soil  overburden  pressure  and  the  other  at  the  seating  load. 

An  alternative  method  in  an  attempt  to  reduce  sample  disturbance  is  to 
load  the  specimen  to  the  maximum  past  pressure,  reduce  the  load  to  the 
calculated  , and  then  add  water  as  before  (maximum  past  pressure 

CVS  test). 

58.  heave  may  be  predicted  from  Equation  1.  The  final  void 
ratio  is  determined  from  the  final  effective  pressure  and  the  void 


rnt,i>'-log  pressure  rfl'iMimnhi [ ii*  vb --ii.'i  Cirv',-  (Figure  l).  The 

"'inal  effpi't  ive  pr'^snur**  ir.  efilfjlfi*  ■■  1 by  th»’  principle  'f  effective 
stress  (Ki)uJi*ion  5)  fror.,  est inn*.*'.",  f final  r.'ir’hrirge  ani  pore  water 
pressure.  The  final  pore  water  pressur-,-  may  sometimes  be  estimate!  by 
assuming  a negative  lieai  given  by  Equation  If  the  final  effective 

pressure  is  greater  than  the  swell  pressure,  the  final  voii  ratio  may  be 
estimated  from  an  extension  of  a curve  parallel  to  the  consoli  iation 
curve  (Point  6)  from  the  sw^ll  pressure  at  Point  3 (Figure  l). 

ISO  test 
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59.  This  ISO  test  suggested  by  Firth  is  a simplification  of  the 
DO  test.  The  specimen  is  loaded  for  30  .min  under  the  seating  load, 

then  loaded  to  the  overburden  nressure  o in  one  increment  and  held 

..  .‘  VO 

for  30  min  to  determine  the  initial  void  ratio  e^  (step  2,  Figure  8). 
The  pressure  is  subsequently  reduced  to  the  seating  load  in  one  decrement 


and  hell  for  not  more  than  30  min  (step  3).  Free  water  is  added  and  the 

swell  under  the  seating  load  is  observed  until  primary  swell  is  complete 

(step  U ) . Increments  of  load  are  applied  to  achieve  consolidation  in 

excess  of  the  initial  void  ratio.  The  applied  pressure  for  consolida- 

t ion  to  the  initial  void  ratio  e is  sometimes  taken  as  a measure  of 

o 

the  swell  pressure  (step  5)-  Fixture  9 illustrates  ISO  test  results  of  a 
specimen  from  LAFB.  Heave  is  predicted  by  a method  similar  to  that  for 
the  CVS  test,  except  that  the  consolidation  curve  is  used  instead  of  the 
rebound  curve. 

SO  test 

60.  The  SO  test  begins  with  the  seating  load,  which  is  applied 

for  30  min.  The  overburden  pressure  o is  applied  in  one  increment 
and  held  for  30  min.  i’ree  water  is  added  to  the  reservoir  and  ♦he  swell 
of  the  specimen  is  measured  until  primary  swell  is  complete.  Heave  can 
only  be  predicted  by  Equation  1 for  the  effective  pressure  applied 

during  the  test. 

61 . A variation  of  the  SO  test  is  the  multiple  SO  test  in  which 
separate  specimens  are  trimmed  from  adjacent  positions  in  the  soil  sample 
and  subjected  to  different  surcharge  pressures  (Figure  10 ).  The  percent 
swell  can  be  indicated  as  a function  of  surcharge  pressure  and  heave  may 
be  predicted  for  a range  of  final  effective  pressures.  A swell  pressure 
can  be  evaluated  as  the  pressure  at  which  the  percent  swell  is  zero. 

02.  A modified  SO  test  may  also  bo  performed  in  which  increments 
of  pressure  are  applied  following  primary  swell  (step  3,  Figure  11 ) to 
achieve  consolidation  of  the  specimen  back  to  e^  (step  U).  The  sample 
may  also  be  rebounded  to  a (step  5)  and  then  to  the  seating  pressure 

VO 

(step  6).  The  void  ratio  at  step  3 may  be  greater  than  the  void  ratio 
at  step  5 due  to  hysteresis  and  the  possibility  that  the  alloted  time 
for  swell  may  be  inadequate.  The  greater  void  ratio  (step  3)  should 
probably  be  used  for  a more  conservative  prediction  of  heave.  Figure  12 
illustrates  modified  SO  test  results  of  a specimen  from  Fort  Sam  Houston. 
The  modified  SO  test  permits  a measurement  of  the  swell  pressure  and  a 
measure  of  the  change  in  void  ratio  for  a range  of  overburden  pressures 
and  effective  pressures  with  a single  soil  specimen. 
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Figure  9.  ISO  test  of  specimen  from  LAFB,  Boring  1,  Sample  No.  if, 

depth  29-0  to  30.0  ft 
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Figure  11.  The  modified  50  rebound  test 
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Figure  12.  Modified  SO  test  results  of  specimen  from  Fort  Sam  Houston 
Boring  1,  Sample  Ho.  T,  depth  J.2  to  7.9  ft 


63.  Hpav(?  predicted  from  tho  void  ratio  at  step  3 (Fipnare  11 ) 
assumes  a final  pore  pressiare  of  zero.  The  rebound  curve  (points 
and  6,  Fifpjres  1]  and  12)  can  be  used  to  predict  heave  for  a rans;e  of 
effective  pressures  by  the  method  used  for  analysis  of  CVS  test  results. 
Swell  pressure 

61*.  The  swell  jiressure  (SP)  is  defined  as  the  equilibrium  pres- 
sure required  for  preventing  volume  expansion  in  the  soil  in  contact 
with  water.  Further  details  describing  various  definitions  of  swell 
pressure  are  given  in  Reference  6.  The  SP  determined  herein  is  found  by 
first  applying  the  seating  load  to  the  specimen  for  30  min.  Distilled 
water  is  subsequently  added  and  surcharge  pressure  is  applied  in  small 
increments  to  maintain  constant  voliome  until  the  swell  pressure  is  fully 
developed.  Following  determination  of  the  swell  pressure,  the  specimen 
may  be  unloaded  in  decrements  to  determine  the  rebound  curve  or  the 
swell  index. 


Pressure  Membrane  Meas*irement  of  Suction 


65.  The  pressure  membrane  is  operated  by  applying  a known  air 
pressure  to  a soil  specimen  called  the  extraction  air  pressure  P^ 
(Figure  13)-  The  extraction  air  pressure  elevates  the  negative  pore 
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Figure  13.  Negative  pore  water  pressure  cell 


water  pressure  to  induce  a less  negative  or  positive  pore  water  pres- 
sure in  the  soil.  If  the  pore  water  pressure  becomes  positive,  water 
will  flow  or  be  extracted  from  the  specimen  through  the  membrane  into 
the  water  outflow  tubes.  The  water  outflow  tubes  are  connected  to  a 
graduated  burette  to  permit  measurement  of  the  volume  of  water  extracted 
from  the  specimen.  The  ceramic  plate  in  Figure  13  serves  as  the  mem- 
brane. The  extraction  pressure  that  results  in  no  change  in  volume  of 
water  in  the  burette  is  the  matrix  soil  suction. 

66.  The  pressure  membrane  cell  measures  only  matrix  suction  be- 
cause the  pore  sizes  in  the  ceramic  plate  are  too  large  to  prevent  dif- 
fusion of  the  salts  from  the  soil  through  the  membrane  into  the  free 
water.  The  salts  will  eventually  become  uniform  in  concentration 
throughout  the  pore  and  free  water  and  the  pressure  from  osmosis  will 
not  exist.  The  semipermeable  membrane  inherent  within  the  soil  due  to 
the  so-called  "double  layer"  arising  from  the  difference  in  concentra- 
tion of  salts  between  the  pore  water  and  the  fluid  adjacent  to  the  clay 
particles  may  cause  a soil  suction  that  is  lumped  into  the  matrix  suc- 
tion component,  which  is  measored  by  the  pressure  membrane  cell.  The 

process  of  dilution  of  the  pore  water  during  diffusion  into  the  free 
water  may  affect  the  double  layer  and  may  therefore  change  the  matrix 
suction  for  a particular  water  content.  This  phenomenon  may  have 
occurred  in  the  soil  specimens  described  in  Reference  43  and  could  have 
been  responsible  for  the  difference  in  behavior  of  specimens  tested  with 
free  distilled  water  and  soil  solution. 

6T.  The  matrix  soil  suction  pressure  in  the  pore  water  of  the 
specimen  is  measured  for  given  applied  vertical  pressures,  permitting 
simulation  of  in  situ  overburden  pressures.  The  cell  is  designed  for 
loading  pressures  of  at  least  30  atm.  The  overburden  pressure 

exerted  on  the  specimen  is  the  difference  between  the  loading  and 

extraction  pressures.  The  extraction  pressure  or  range  of  matrix  suc- 

tion is  limited  by  the  bubbling  pressure  of  the  ceramic  plate  to  about 
15  to  20  atm.  The  size  of  specimens  accommodated  in  the  cell  is 
4.25  in.  in  diameter  by  0.5  in.  high.  Changes  in  the  matrix  suction  may 
be  related  to  changes  in  water  content  and  specimen  thickness. 
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68.  Several  calibration  problems  complicate  analyses  of  results 

from  pressure  membrane  tests.  Percent  changes  in  the  vertical  dimension 

(AH/H)  X 100  may  be  less  than  percent  volumetric  changes  (AV/V)  x lOO 

because  the  perimeter  of  the  specimen  may  pull  away  from  the  inside 

perimeter  of  the  pressure  cell  when  water  is  extracted  from  the  specimen. 

Actual  changes  in  void  ratio  may  be  as  much  as  three  times  the  observed 

change  in  height  for  isotropic  specimens.  Other  calibration  problems 

result  ^rom  drying  of  the  specimen  by  the  applied  air  pressure,  strains 

due  to  the  air  pressure  exerted  on  the  cell,  and  errors  in  volume  of 

water  expelled  from  or  taken  into  the  specimen  due  to  accumulation  of 

U3 

air  bubbles  beneath  the  ceramic  plate.  Air  from  the  applied  air 
press'ure  diffuses  through  the  specimen  and  plate  in  the  pore  water 
accumulating  beneath  the  plate.  Periodic  flushing  is  required  to  remove 
this  air.  If  the  bubbling  pressure  of  the  ceramic  plate  is  exceeded, 
air  flows  freely  through  the  specimen  and  plate  causing  complete  loss 
of  control  of  water  flowing  into  or  from  the  specimen. 

69.  Time  required  to  perform  one  complete  cycle  of  a pressure 
membrane  test  from  0.1  to  15  atm  and  back  to  0.1  atm  was  about  li  weeks, 
allowing  2 days  for  equilibration  at  each  level  of  extraction  pressure. 
Technician  time  was  needed  to  cement  a ceramic  plate  in  the  plate  ring 
and  test  for  air  leaks,  calibration  of  the  cell,  and  monitoring.  Equip- 
ment costs  were  about  $3000  per  cell  including  associated  equipment  such 
as  valves,  tubing,  and  pressure  gages.  Further  details  of  the  pressure 
membrane  apparatus  may  be  found  in  Reference  U3. 

Thermocouple  Psychrometr ic  Measurement  of  Suction 

TO.  The  thermocouple  psychrometer  measures  the  relative  humidity 
in  the  soil  by  a technique  referred  to  as  Peltier  cooling.  By  causing 
a current  to  flow  through  a single  thermocouple  ,5unction  in  the  proper 
direction,  that  particular  Junc^  !on  will  cool,  causing  water  to  condense 
on  it  when  the  dew  point  temperature  is  reached.  Condensation  of  this 
water  inhibits  further  cooling  of  the  Junction,  and  the  voltage  developed 
between  the  thermocouple  and  reference  Junctions  is  measured  by  a 


tniiT.  v>  Itmet.er . Some  exrunples  of  thermocouple  psychrometers  are  shown 
in  figure  14. 

Tl.  The  relative  humidity  of  the  soil  is  related  to  total  suction 
by  the  lavs  of  tiiermodynamics 
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where 

= total  suction  free  of  external  pressure  except  atmospheric 
pressure,  atm 

R = universal  gas  constant  (82. 06  cc-atm/°K-mole ) 

T = absolute  temperature,  °K 

V = volume  of  a mole  of  liquid  water  (l8.02  cc) 
mv 

p/p^  = relative  humidity 

p = pressure  of  water  vapor,  atm 
p^  = pressure  of  saturated  water  vapor,  atm 

The  osmotic  suction  can  be  estimated  by  adding  distilled  water  to  the 
soil  specimen  and  evaluating  the  total  suction  at  high  water  contents 
(Figures  and  5)- 

72.  Laboratory  measurements  to  evaluate  total  suction  may  be  made 
with  the  apparatus  illustrated  in  Figure  15  and  listed  as  follows: 


Item 

1975  Cost 

Psychrometric  microvoltraeter  (including 

1 

$ 660 

cooling  circuit) 

Switching  circuit  for  12  psychrometers 

1 

120 

Thermocouple  psychrcjmeters 

12 

180 

Dry  ice  chest  with  lid  (insulated) 

2 

100 

No.  l'i-1/2  rtibber  stoppers 

12 

20 

Size  10  to  30°C  thermometer 

1 

10 

Metal  pint  paint  cans  with  lids 

2k 

10 

Total  $1100 


The  commercially  available  psychrometric  microvoltmeter  listed  above 
includes  a cooling  circuit  and  it  is  different  from  that  illustrated  in 


Figure  15.  Monitoring  system 


Figures  15  and  l6.  The  switching  circuit  can  be  assembled  from  commer- 
cially available  parts  (Figure  l6).  The  above  equipment  permits  evalua- 
tion in  2 days  of  the  suction-water  content  relationship  of  soil  based 
on  12  data  points.  Only  two  points  are  needed  to  obtain  an  approximate 
curve,  if  soluble  salts  are  in  low  concentration,  because  of  the  linear 
relationship  (Equation  3). 

73.  The  thermocouple  psychroraeters  should  be  calibrated  prior  to 
suction  measurements  with  known  concentrations  of  salt  solutions  to 


determine  the  microvolt-total  suction  relationship.  The  following  con- 
centrations of  chemically  pure  potassium  chloride  (KCl)  solution  in 
distilled  water  were  used  for  calibration: 


Gram-Formula 
Weight  per 
1000  g Water,  M 

Grams  of  KCl  per 
1000  ml  water 

Relative 

Humidity 

Percent 

Suction  at 
25°C,  atm 

0.05 

3.728 

99.83 

2.3 

0.20 

II4.91 

99.36 

8.8 

0.50 

37.27 

98.1*2 

21.6 

1.00 

71*. 55 

96.81* 

1*3.1* 

2.00 

11*9,10 

93.68 

88.5 

The  calibration 

curves  of  all  six  of  the 

commercial  (Wecjor) 

psychrom- 

eters  acquired  for  the  subject  study  were  similar  and  could  be  expressed 

by 


= 2.5E^5  - 1.5 


(28) 


where 

o 

T = total  suction,  atm 
E^^  = microvolts  at  25°C 

The  maximum  attainable  suction  with  the  calibration  solutions  was 
U3.I4  atm.  The  microvolt  readings  were  usually  taken  at  room  tempera- 
tures from  20  to  25°C  and  were  converted  by^^’^*^ 


■^25  0.325  + 0.02Tt 


(29) 


where  E^  is  the  microvolt  output  at  temperature  t°C. 
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T**.  Specimens  for  testing  were  prepared  by  breaking  500  to  1000  g 
of  undisturbed  soil  into  1-  to  2-in.  pieces  and  inserting  them  into  six 
metal  pint  containers.  Metal  containers  were  necessary  to  reduce  tem- 
perature gradients  within  the  soil  and  the  surrounding  atmosphere.  The 
containers  need  not  be  resistant  to  corrosion  because  iron  oxide  was 
found  to  have  no  discernable  effect  on  the  suction  readings;  however, 
rusting  should  not  be  permitted  to  cause  holes  in  the  container,  which 
will  destroy  air  tightness  and  lead  to  incorrect  suction  readings. 

Small  amounts  of  distilled  water  on  the  order  of  1 or  2 ml  were  added 
to  some  containers  and  sealed  with  lids  for  U8  hr.  Other  containers 
were  left  with  lids  off  for  different  times  up  to  ^48  hr  to  permit  drying. 

75*  The  thermocouple  psychrometers , following  specimen  prepara- 
tion, were  inserted  into  the  pint  containers  with  the  specimens  and  the 
containers  were  sealed  with  No.  13-1/2  rubber  stoppers.  Equilibrium  of 
the  relative  humidity  in  the  air  measured  by  the  psychrometers  inside 
the  pint  containers  and  the  relative  humidity  in  the  soil  specimens  was 
obtained  within  U8  hr.  Six  containers  were  inserted  into  one  1-  by  1- 
by  1.25-ft  chest  insulated  witii  1.5  in.  of  foamed  polystyrene.  The  in- 
sulated chest  promotes  stable  temperature  conditions;  temperature 
equilibri\im  was  attained  within  a few  hours  after  placing  the  cover. 
P’ollowing  a J*8-hr  interval  for  equilibration  of  the  relative  humiility, 
a cooling  current  of  8 mA  was  apjilied  for  15  sec.  The  microvoltmeter 
was  immediately  switched  into  the  psychrometer  circuit  following  cooling 
of  the  thermocouple  Junction.  The  maximum  microvoltage  obtained  on  the 
meter  was  recorded  as  the  of  the  soil  specimen.  Water  contents  of 

the  specimens  were  obtained  following  the  fisyciirometri c voltage  readings. 

T6.  Half  of  the  specimens  of  a piarticular  soil  were  saved  until 
the  suction  could  be  evaluated  on  the  other  half.  This  procedure  per- 
mitted improved  estimates  of  drying  times  and  tiio  amounts  of  water  that 
should  be  added  to  tiie  remaining  specimens  for  obtaining  optimum  distri- 
bution of  the  12  data  points  tiiat  determine  the  suction-water  content 
re] ati onshi p. 

77.  Total  teciinician  time  for  evaluation  of  a 12-point  suction- 
water  content  relationship  was  about  l/?  day  to  set  up  the  test,  {lerform 


'*9 


readings,  determine  writer  contents,  and  evaluate  the  data.  A straight 
line  was  drawn  through  the  plotted  data  points  that  appeared  to  best 
represent  the  suction-water  content  relationship  (Figure  h).  The  dry 
densities  of  the  specimens  were  evaluated  from  the  laboratory  swell 
tests,  which  may  have  introduced  some  error  in  the  suction  swell  pres- 
sures SF  shown  later.  Better  correlations  of  SP  may  be  obtained 
s s 

by  evaluating  dry  densities  on  soils  prior  to  breaking  the  soils  into 
pieces  for  the  suction  tests.  Further  details  of  evaluating  total  suc- 
tion from  thermocouple  psychrometers  are  available  in  Reference  53. 
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PART  IV:  ANALYSTS  OF  RESULTS 


?8.  Clfissil’icnt  ion,  swell,  and  suction  tests  were  performed  on  a 
variety  of  undisturbed  soil  samples  from  various  sources.  Samples  were 
obtaineil  in  the  spring'  of  1973  from  the  Clinton  installation  of  WES  near 
Jackson,  Miss.;  the  test  pier  site  and  dental  clinic  from  LAFB,  Tex.; 

P’ort  Sam  Houston,  Tex.;  KAFH,  Tex.;  and  Fort  Carson,  Colo.  Brief  de- 
scriptions of  these  soils  and  climates  are  p;iven  in  Table  h.  Boring  logs 
of  these  samples  with  soil  classification  data  taken  from  Table  5 are 
shown  in  Figures  17-20.  Boring  samples  Pi -5,  P^-7,  and  Ph-9  were  taken 
in  October  1973  from  the  test  section  in  Fort  Carson  (Table  5)  during 
construction  of  the  test  section  to  supplement  samples  from  boring  B0Q3 
(Figure  17). 

79-  Laboratory  tests  were  conducted  to  investigate  the  behavior 
of  the  soil  suction  parfuneters,  compressibility  factor,  swell  pressures, 
suction  and  swell  indices,  effect  of  confining  pressure  on  suction,  and 
volume  change  relationships.  Comparisons  of  the  swell  behavior  of  the 
tested  soils  were  made  from  analyses  of  several  well  known  methods  and 
the  previously  described  new  method. 

Soil  Suction  Parameters 


80.  The  soil  suction  parameters  A and  B may  be  evaluated 
directly  from  a plot  of  the  suction  data  as  illustrated  in  Fig- 
ures U and  5.  All  of  the  A and  B parameters  shown  in  Table  6 were 
evaluated  from  straight  lines  on  plots  similar  to  Figures  It  and  5 that 
represent  the  best  visual  fit.  Most  soils  did  not  indicate  significant 
osmotic  suction;  hence,  the  total  suction  was  essentially  the  matrix 
suction.  For  those  soils  for  which  the  osmotic  suction  was  signi f icaiit , 
the  osmotic  suction  was  subtracted  from  the  total  suction  to  indicate  a 
matrix  suction-water  content  relationship,  from  which  the  A and  B 
parameters  were  evaltiated.  A study  of  the  eff«-ct  of  osmotic  suction  on 
swell  behavior  was  not  included  as  part  of  this  otudy.  Rough  estimates 
of  A and  B may  be  made  by  assuming  that,  the  parameters  are  functions 
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(Table  5). 


of  the  PL  and  e or  w (Table  ?/• 
o o 

plotted  against  the  logaritfun  of  e^ 
Similarly,  the  logarithm  of  A 


ship. 


to  the  logarithm  of  e and 


P’igure  21  shovs  that 
or  yields  a linear 

= B may  be  empirically 


(Figure  22).  Solving  these 


ships  for  the  suction  parameters. 


A - BPL 
relation- 
related 
relation- 


or 


or 


A = l.Tw°’®^B 
o 


A = 35.9e°'®^B 


B = 


-8.33  + 6.5  log 

1.7w°'®^  - PL 
o 


B = 


1.7  + 6.5  log  e 

35.9e°'^^  - PL 
o 


(30) 

(31) 

(32) 


(33) 


for  soils  investigated  herein.  The  correlations  of  Figures  21  and  22, 
however,  are  too  rough  to  permit  good  estimates  of  the  A and  B para- 
meters from  Equations  30-33  for  practical  applications  in  predicting 
volume  changes.  Equations  30-33  may  also  become  negative  for  some  values 

of  PL,  e , and  w 
o o 

8l.  Setting  Equation  30  equal  to  Equation  31  and  Equation  32  equal 
to  Equation  33  shows  that 


lOOe  G 
o s 


o 


2.8 


(3M 


Since  G varies  from  2.6?  to  2.78  (Figures  17-20),  the  degrees  of 
s 

saturation  S of  these  soils  on  the  average  are  slightly  less  than  one 
at  natural  water  content  under  zero  confining  pressure.  Many  of  these 
soils  were  taken  from  strata  with  positive  pore  water  pressures  measured 
in  field  piezometers  such  that  S should  equal  one  at  tiie  field  con- 
fining pressure. 
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natural  water  content 


The  Comt.ressibility  Fyict».ir 


82.  The  compressibility  factor  is  measured  as  the  slope  of  the 
specific  total  volume  plotted  against  the  water  content.  The  specific 
total  volume  versus  water  content  relationships  of  undistiirbed  soils 
from  Fort  Carson  (Figure  23)  were  obtained  from  test  results  of  the  pres- 
sure membrane  cells.  The  changes  in  specific  total  volume  were  computed 
from  the  measured  change  in  height  of  the  specimens  and  do  not  include 
lateral  changes  in  dimensions.  The  overburden  pressure  a was  varied 

VO 

for  specimens  taken  from  sample  B0Q3-**  (5.7  to  7.0  ft)  and  sample  B0Q3-20 
(2l».7  to  26.0  ft)  to  study  tiie  effect  of  surcharge  loading  on  the  com- 
pressibility factor. 

83.  The  slopes  of  the  curves  in  Figure  23  are  approximately  linear 
for  the  range  of  water  contents.  Slopes  are  also  appjroximately  linear 
for  soils  from  the  Clinton  (Figure  21,  Reference  i*3)  and  lAFB  (Figure  22, 
Reference  U3)  test  sections.  The  curves  for  each  of  the  samples  B0Q3-1* 
and  B0Q3-20  at  different  surcharge  pressures  (Figure  23)  are  approxi- 
mately parallel;  consequently,  surcharge  pressures  do  not  appear  to  sig- 
nificantly influence  the  slope  of  these  curves  within  the  range  of  O.UO 
to  2.25  tsf  for  the  Fort  Carscn  soils,  which  is  the  usual  range  of  pres- 
sures for  many  tested  foundation  soils.  The  compressibility  factor  for 
vertical  dimensional  change  is  essentially  independent  of  surcharge  pres- 
sure for  at  least  some  soils. 

8U.  The  vertical  compressibility  factor  a for  the  Fort  Carson 
soils  determined  from  Figure  23  and  the  a of  toils  from  Clinton  and 
IJU-’B  (Table  7)  are  plotted  as  a function  of  the  PI  in  Figure  2h . The  ap- 
proximate linear  relationship  can  be  described  as 

PI  < 5 a = 0 

5 PI  1 100  a = 0.0105PI  - 0.05  (35) 

PI  > 100  (1  = 1 

-The  compressibility  factor  for  vertical  dimensional  change  a is  about 
one  half  of  the  volumetric  compressibility  factor  a (Equation  15)  from 
Reference  1*8. 
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Figure  23.  Shrinkage  and  swell  curves  for  samples  from 
boring  R0Q3,  Fort  Carson 


FLf^ure  ?h . The  compressibility  factor  as  a function  of  PI 
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CompHrison  of  Swell  Trensures 


85-  Comfiar i sons  of  the  initial  auction  (Equation  3)  with  the 

suction  swell  pressure  (Equation  19)  in  Table  8 stiow  that  these  values 

are  usually  close.  The  should  be  greater  than  GP^  , which  is 

observed  for  more  tiian  half  of  the  undisturbed  soils.  Calculations  of 

o 

3P^  greater  than  are  attributed  to  experimental  errors,  primarily 

in  void  ratio.  Void  ratios  were  only  determined  on  *'iie  specimens  that 

were  tested  in  the  laboratory  CS  tests  and  not  on  the  suction  specimens. 

The  smaller  values  of  and  SP  were  used  for  comparisons  with 

mo  3 

swell  pressures  determined  from  the  laboratory  swell  tests. 

86.  Comparison  of  swell  pressures  (Table  9)  shows  that  the  multi- 
{ile  GO  tests  often  provide  measurements  of  swell  pressure  greater  tiian 
initial  suctions  (Equation  3)  and  the  suction  swell  pressures  calculated 
from  Equation  19,  wiiile  the  SP  tests  give  measurements  much  less  than 
the  suction  swell  pressui'e  (Figure  25a).  The  remaining  modified  SO, 
modified  CVG,  maximum  past  pressure  CVS,  and  ISO  tests  at  least  tend  to 

j r jviie  swell  pressures  that  are  comparable  with  suction  swell  pressures 
Figure  i'5b),  although  .much  scatter  is  apparent.  The  maximum  past  pres- 
ir»-  CVG  test  consolidates  the  specimr.i  in  an  attempt  to  reduce  speci- 
mi-r.  listurbance.  The  effect  of  this  consolidation  is  to  increase  the 
■'W'-ll  pressure  comf'ared  to  the  swell  pressure  measured  from  the  modified 
'V."  test,  as  show:,  in  Figure  25b  and  Table  9. 

87.  The  suction  tests  were  successful  in  indicating  comparable 
w>-ll  ! ressures  for  the  hard  and  highly  overconsolidated  Pierre  shale 

from  lort  Carson  and  the  sandy  lean  clay  from  KAFB  (Table  9).  In  fact, 
the  specimen  from  KAFB  No.  5 collapsed,  while  that  from  KAFB  No.  U 
levelope.i  no  swell  pre.ssure  after  water  was  added  following  placement  of 
the  surcharge  pressure  a . The  suction  tests  indicated  that  very 
little  swell  pressure  should  develop  for  these  specimens  from  KAI’B. 

88.  The  scatter  in  the  limited  results  (Figure  25)  emphasizes  the 
need  of  performing  large  numbers  of  tests  using  reliable  and  uniform 
test  procedures  if  wortiiwhiie  data  are  to  be  obtained.  The  multiple 

GO  and  GP  tests  appear  to  be  the  least  acceptable.  The  suction  tost  is 
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substantially  easier  and  faster  to  perfonn  than  any  of  the  other  swell 
tests . 


Comparison  of  Suction  and  Swell  Indices 

89.  Index  comparisons  (Table  lO)  show  that  the  suction  index 

C is  from  two  to  six  times  larger  than  the  swell  index  C determined 
T s 

from  the  rebound  curve  of  CS  tests,  dependinj^  on  the  type  of  swell  test. 

The  suction  index  based  on  volumetric  compressibility  is  about  six 

times  greater  than  from  multiple  SO  and  SP  tests  and  only  about 

four  times  greater  than  C determined  from  modified  SO,  modified  CVS, 

s 

maximum  past  pressure  CVS,  and  ISO  tests  (Figure  26).  The  evalu- 
ated from  the  ISO  test  is  taken  from  the  slope  of  the  rebound  curve  fr  m 

a surcharge  pressure  of  I6  tsf,  while  the  from  the  other  tests  is 

the  slope  of  the  rebound  curve  from  the  swell  pressure.  The  ISO  swell 
index  is  about  the  same  a.s  C — for  the  four  tests  comoleted  using  * he 

ISO  procedure  (Figure  27).  The  suction  index  based  on  the  vertical  di- 

mensional change  compressibility  factor  C^_  is  about  three  times 

greater  than  the  C from  multiple  SO  and  SP  tests  and  only  about  two 
s 

times  greater  than  the  C from  other  swell  tests  (Figure  27).  The 

s 

C is  therefore  about  two  times  greater  than  C — . 

Tu  Ta 

90.  The  compression  index  measured  from  a standard  consoli- 

!'  dation  test  performed  to  evaluate  the  maximum  past  pressiire  is  somewhat 

larger  than  C , while  C from  ISO  tests  tends  to  be  somewhat  less 
t T a c 

than  C (Figure  28).  The  C from  ISO  tests  was  measured  on  the 
TO  c 

slope  of  the  consolidation  curve  near  surcharge  pressures  equal  to  th»' 

swell  pressure  or  surcharge  pressure  needed  to  reduce  the  void  rati.  ’ 

the  initial  void  ratio,  while  C from  consolidation  tests  to  evaluate 

c 

the  maximum  past  pressure  represents  virgin  consolidation.  The  C 
from  the  ISO  test  is  basically  the  index  used  to  evaluate  in  situ  heave 

• 27 

by  Firth's  procedure,  which  Jennings  et  al . have  found  satisfactory 
1 for  predicting  field  heaves. 

I 

91.  Comparisons  between  indices  show  that  C^_  is  usually 

greater  than  C and  much  less  than  C , while  C is  close  but 
8 c T« 
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Figure  27.  Comparisons  of  the  vertical  suction  index  with  the  swell  index 
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I'tiii  leas  fnan  the  of  virgin  compression.  The  vol'imetric  .auction 

index  with  a set  equal  to  one  migiit  be  used  as  an  estimate  of  the 
compression  index.  The  relationshif)s  between  the  variou.s  indices  may  be 
expressed  as 


C >C  >C  — >C 
c T a T a s 


(36) 


All  of  tlje  swell  tests  leading  to  tiie  relative  behavior  between  indices 
expressed  by  E<iuation  36  were  relatively  short-term.  Allowing  lengthy 
times  of  many  months  for  swell  during  rebourid  dovm  to  the  seating  load 
for  each  decrement  of  load  may  lead  to  substantially  larger  values  for 
C„  . 

92.  The  PI  increases  with  increasing  swell  or  suction  indices 

(Figure  29).  All  swell  indices  C from  the  different  swell  tests 

s 

are  included  in  Figure  29.  The  slope  of  PI  versus  is  about  two 

times  that  of  C — and  about  four  times  that  of  C . These  relation- 
xa  xa 

ships  support  Equation  36.  The  Equation  of  the  relationship  between  PI 
and  in  Figure  29  is  given  by 


C 

xa 


aG 

s 

lOOB 


or 


2 . 6aG 


(37) 

(38) 


Substitution  of  Equation  38  into  Equations  30  and  31  yields 


A 


U . 9aG  w 

3 


0.85 

o 


PI  - 5 


(39) 


or 


A 


93.3aG 

s 


0.85 

e 

o 


PI  - 5 


(UO) 


Equations  37-^0  may  be  applied  to  roughly  estimate  the  A and  B param- 
eters. Thiese  equations  will  not  lead  to  negative  A and  B parameters 
as  easily  as  Equations  30-33. 
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93.  Sulistitution  of  C^—  in  Equation  2(>  may  bo  more  appropriate 
for  fissured  soils  where  lateral  heave  may  occur  and  reduce  the  volume 
of  fissures.  C may  be  better  for  intact  soils  in  wiiich  all  volume 

TU 

ciianpie  occurs  in  the  vertical  direction.  Relative  ma^'nitudes  of  suction 
indices  are  u.oed  later  as  a metiiod  for  indent! fyin/’:  the  relative  deforce 
of  expansion  of  the  soil. 

Effect  of  Confining  Pressure  on  Suction 
Effect  of  vertical  pressure 

9^.  The  effects  of  surchar^^e  pressure  on  the  Fort  Carson 

soils  are  illustrated  in  Figure  30  for  pressure  membrane  tests.  The 
characteristic  iiysteresis  is  reduced  in  ttie  second  and  third  dryinr,  and 
wettinf  cycles  of  the  soil  specimen  from  Sfunple  B0Q3-^+  (5.T  to  7-0  ft). 
These  latter  cycles  are  loaded  beyond  the  in  situ  vertical  pressure  ' 
of  O.U  tsf  ft.  There  was  some  slifrht  reduction  i.n  volume  for  a of 

V 

1.0  tsf  and  a conside-rable  reduction  in  volume  at  1.7  tsf  (Fir;ure  23), 
but  ttie  suction-water  content  relationsii.ps  following  cycle  one  at  1.0 
and  1.7  tsf  are  very  similar  (Figure  30).  The  total  in  situ  suction 
curve  computed  from  Equation  1*  for  a of  O.U  tsf  from  measurements 

witii  thermocouple  psyciirometers  is  consistent  with  the  jiressure  membrane 
curve.  The  difference  in  suction  between  the  total  and  matrix  suction 
is  presuinably  an  osmotic  suction  or  is  caused  by  differences  between 
specimens . 

95-  Hysteresis  in  the  soil  specimen  of  Pierre  shale  from  B0113-20 
(2h,7  to  26.0  ft)  is  small  and  dii'ferences  in  slope  between  cycles  at 
different  surcharge  pressures  are  small.  The  total  suction-water  con- 
tent curve  may  be  displaced  from  the  pressure  membrane  curve  due  to 
differences  between  specimens.  Comparisons  of  the  curves  between  the 
results  from  tiiermocou{<ie  psyciirometers  and  pressure  membrane  apparatus 
generally  suggest  small  osmotic  suctions,  which  would  be  expected  from 
the  small  total  suctions  observed  at  high  water  contents  in  Figure  I*. 

96.  The  slopes  of  ttie  total  in  situ  suction  curves  (Figure  30) 
are  less  than  ttiose  of  corresponding  curves  from  pressure  membrane  tests. 


70 


iJ 


71 


Figiore  30.  Soil  suction-water  content  relationships  of  Fort  Carson  soil 


The  difference  in  slopes  is  primarily  attributed  to  the  hip;her  suction 
levels  <ietermined  from  thermocoujil e psychroraeters  compared  to  the  lower 
suction  range  of  tiie  pressure  membrane  apparatus.  The  characteristic 
suet. ion-w'iter  content  behavior  for  the  pressure  membrane  apparatus  is 
in  the  form  of  a reduction  in  slope  at  high  suction  levels  followed  by 
an  increase  in  slope  at  still  higher  suctions  (Figure  6).  The  results 
from  the  pressure  membrane  tests  do  not  generally  show  a strong  influ- 
ence of  on  suction-water  content  relationships;  however,  a signifi- 

cant pressure  effect  could  exist  for  soils  taken  from  relatively  shallow 
depths  if  pressures  above  the  maximum  past  pressure  are  applied.  The  as 
sumption  is  made  that  there  is  essentially  no  pressure  effect  on  suction 
water  content  relationships  or  no  change  in  A and  B parameters,  ex- 
cept for  the  pressure  effect  defined  by  Equation  h,  if  applied  pressures 
are  less  than  the  maximum  past  consolidation  pressure.  In  other  words, 
there  will  be  no  change  in  structure  for  pressures  less  than  the  maximum 
past  pressure.  A settlement  due  to  compression  may  occur  for  applied 
pressures  greater  than  the  maximum  past  consolidation  pressure. 

Effect  of  field  confining  pressure 

97.  Field  measurements  of  piezometric  pressure  at  the  Clinton, 

Fort  Carson,  and  liAFB  test  sections  (Figure  31 ) were  used  with  suction 

calculations  to  determine  rough  values  of  the  coefficients  of  earth  pres 

sure  at  rest  from  Equations  7 and  10  (Table  11 ).  Limits  in  the 

suction  T°  were  roughly  estimated  from  observed  variations  in  water 
mo 

content  (Figures  17-20).  The  lower  value  between  x and  the  suction 

mo 

o 

swell  pressure  was  generally  taken  for  x^^  . Many  of  these  soils  are 
below  the  water  table  and  should  have  a degree  of  saturation  of  one 
in  the  field.  Soils  beneath  these  test  sections  are  overoonsoiidated 
and  coefficients  greater  than  one  are  expected.  Coefficients  greater 
th'in  one  suggest  that  most  or  all  volume  changes  will  probably  occur 
in  the  vertical  direction  such  that  the  appropriate  compressibility 
factor  may  be  given  by  Equation  15. 

9fi.  The  coefficients  ir.  P’igure  32  contain  considerable  scatter 
and  tend  to  be  high,  which  may  indicate  some  Siim^ile  disturbance  and 
sample  drying.  All  of  the  data  points  are  plotted  in  a single  figure 
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Figure  12.  Coefficients  of  earth  pressure 
as  a function  of  depth 


TI4 


lue  to  tlie  limited  d;ita  and  observed  scatter.  The  coefficients  appear 
smaller  near  the  (.'round  surface  at  about  5 ft  of  depth  and  near  the  top 
‘f  the  wati-r  tables  at  these  test  sections.  The  coefficients  reach  a 
maxinuiTi  ne.ar  iO  ft  of  ilepth.  K.^  appears  to  be  about  one  to  two  above 
10  ft,  increases  to  three  at  20  to  30  ft,  and  decreases  down  to  about 
* w, . to  three  below  30  ft.  (Table  11)  is  greater  than  for  posi- 

tive pore  pressures.  The  existence  of  high  lateral  pressures  (Fi(>;ure  32) 
indicates  that  ID  swell  tests,  in  which  there  is  no  control  over  lateral 
pressures,  may  not  be  appropriate  tests  for  predicting  in  situ  heave, 
especially  for  clay  shales. 

99.  The  effective  coefficients  of  earth  pressure  at  rest  K 
(Table  11)  can  be  compared  with  results  of  the  Brooker  and  Ireland55  data 
if  the  overconsolidation  ratio  (OCR)  is  known.  The  maximum  past  pressure 
was  evaluated  on  four  soils  for  which  comparisons  of  may  be  made; 


Maximum  ^ 

Past  o 


Sample 

Depth 

ft 

a 

VO 

tcf 

Pressure 

tsf 

OCR 

Brooker  and 
Ireland55 

Table 

11 

LAFB  tio.  1 

U 

i*. 3-5.2 

0.29 

O.8I4 

3 

0.8 

1.0  + 

0.5 

17 

29.0-30.0 

1.85 

Lk 

8 

1.2 

2.1  + 

1.7 

Fort  Carson 

Pl-5 

U. 0-5. 25 

0.29 

0.67 

2 

0.7 

1.7  + 

1.3* 

BOQ3-23 

29.5-30.5 

1.88 

39 

21 

2.0 

5.0  + 

2.7 

* Sample  B0Q3-'*,  5-7  - 7-0  ft  of  depth. 

The  results  of  K between  the  methods  for  the  above  four  soils  are 
o 

similar.  The  exp^eriraental  errors  can  be  reduced  in  subsequent  tests  by 
analyzing  numerous  specimens  resulting  in  more  reliable  water  content, 
void  ratio,  and  suction  parameters. 

Comparison  of  Volume  Changes 

Swell  potential 

100.  The  methods  for  evaluating  the  relative  degree  of  expansion 
of  soils  by  the  Bureau  of  Reclamation  (BR),^**  Dakshantunurthy  and  Raman 
(DR),'^'*  and  Seed,  Woodward,  and  Lundgren  (SWL)^*^  give  reasonably 


75 


consiaterit  ratings  (Tniile  12).  In  afldition  to  these  methods,  the 
suction  method  is  sugge.sted  that  is  rated  on  the  basis  of  the  voiiiinetric 
suction  index 


Degree  of  Exiiansion 
Low 

Medium 

High 

Very  High 


C 

xa 


<0.0U 

0.05  to  0.10 
0.11  to  0.20 
>0.21 


The  above  suction  rating  is  also  generally  consistent  with  the  three 
previous  methods,  except  that  the  Fort  Carson  soils  below  20  ft  of  depth 
(B0Q3-20  and  deeper)  are  given  only  a mediiim  rating  by  suction,  while 
the  other  methods  rate  these  soils  with  a high  or  very  high  swelling 
potential.  The  structure  in  the  Pierre  shale  may  have  led  to  the  smaller 
rating  by  the  suction  method,  whereas  the  other  methods  give  swelling 
potentials  independent  of  structure.  All  of  these  methods  can  be  used 
with  about  equal  simplicity  and  economy;  however,  quantitative  informa- 
tion is  not  provided  and  reliable  indications  of  in  situ  heave  cannot 
be  expected. 

101.  Quantitative  compjarisons  of  swell  potentials  from  the  initial 

water  content  to  saturation  under  a surcharge  of  about  1 psi  were  made 

X 6 IT 

for  the  SWL,  Vijayvergiya  and  Sullivan  (VS),  Nayak  and  Christensen 

(NC),^®  and  Vijayvergiya  and  Ghazzaly  (VG)^^  methods.  Calculations 
(Table  12)  show  that  all  these  methods  are  generally  consistent  in  in- 
dicating relative  degrees  of  expansion  or  magnitudes  of  volume  change. 

The  SWL  and  NC  methods  usually  give  significantly  larger  swell  potentials 
than  the  VS  and  VG  methods.  The  SWL  procedure  more  often  gives  greater 
potentials  than  the  other  methods.  The  VG  method  leads  to  somewhat 
smaller  swell  potentials  than  the  VS  method,  which  is  consistent  witli 
the  slightly  larger  confining  pressure  of  1.5  p.ai  (O.l  tsf).  Some  swell 
potentials  calculated  by  the  VS  and  VG  methods  are  blown  out  of  reason- 
able proportions  with  respect  to  the  other  methods  for  tiie  more  dense 
Fort  Carson  samples  below  20  ft  of  depth  (BOQ3-20  and  deeper). 

Volume  changes 

102.  Comparisons  were  made  between  the  percent  volume  changes 
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calculated  by  different  methods  described  in  Table  3.  Final  field  con- 

, o \ 

ditions  assumed  were  saturation  (t  ,.  = o ) under  *^he  estimated  field 

raf  VO 

confinin^■^  {>>"®ssure  . These  volume  changes  corresfjond  to  the  general 

definition  of  swell  potential  given  in  paragraph  23.  The  calculation  of 
volume  changes  by  tiie  suction  method  was  made  from  Equation  22  assuming 
initial  suctions  given  in  Table  13  and  a compressibility  factor  a 

from  Equation  15.  Tiie  final  suction  was  taken  as  equal  to  the  confining 
pressure  from  Equation  6 where  o is  o . The  two  cases  of  K 
equal  to  one  and  from  Figure  32  were  also  assumed  in  the  suction 

method  calculations  (Table  13). 

103-  Field  test  sections.  Soils  beneath  the  field  test  sections 
at  Clinton,  IJVFB  (test  pier  site),  and  Fort  Carson  all  contain  perched 
water  tables  (Figure  3l) . These  soils  may  also  have  some  lateral  pres- 
sures (Figure  32).  The  calculated  volumetric  changes  for  depths  within 
the  water  tables  should  be  negative  assuming  a final  moisture  profile 
of  zero  in  situ  pore  water  pressure  or  . In  contrast,  field 

measurements  of  heave  at  the  Clinton  test  section  were  about  1 in.  by 

57 

October  1975  after  7 years.  Heave  of  about  1 in.  was  observed  No- 
vember 1975  beneath  the  test  section  at  LAFB  following  construction  in 
July  1973.  Insignificant  heave  had  accumulated  beneath  the  test  section 
at  P’ort  Carson  following  construction  in  November  1973- 

iOi*.  Percent  volume  changes  beneath  the  field  test  sc  tions  as  a 
function  of  depth  are  shown  in  Figures  33-35  (Table  13).  M^st  calculated 
volume  changes  show  similar  (positive)  swells  between  methods,  except 
for  the  apparently  excessive  volume  changes  computed  by  the  water  con- 
tent/plastic limit  (w/PL)  ratio^*^’^^  from^*^ 
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The  suction  method  with  of  one  usually  provides  somewhat  larger 

volume  changes  than  the  other  methods,  except  for  the  w/PL  ratio  method. 
The  suction  method  with  from  Figure  32  gives  smaller  volume  changes 

relative  to  of  one,  with  some  soils  indicating  a decrease  in 

volume.  The  four  laboratory  swell  tests  performed  with  the  ISO  procedure 
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P'igure  3^.  Comparison  of  volume  changes  for  soils  from  the 
Fort  Carson  test  section 


T9 


A 


led  to  larger  swells  than  the  other  CS  tests,  but  not  enough  tests  were 
performed  to  statistically  evaluate  the  relative  difference  in  magnitude 
between  these  methods. 

105-  The  laboratory  swell  tests  apparently  do  not  adequately  con- 
sider lateral  pressures  because  computed  volume  changes  are  not  negative 

as  should  be  the  case  assuming  final  zero  pore  water  pressures.  Results 
25  36 

from  the  McDowell  and  Schneider  and  Poor"^  methods  are  similar  to  the 
results  of  the  laboratory  swell  tests.  The  lateral  pressures  taken  for 
the  Fort  Carson  and  LAFB  soils  may  not  be  assumed  high  enough  since  the 
suction  method  with  from  Figure  32  still  suggests  some  positive 

volume  changes.  The  soil  samples  may  also  not  be  completely  representa- 
tive of  the  initial  in  situ  soil  conditions  due  to  sample  disturbance, 
sample  drying,  and  heterogeneous  soils. 

106.  The  w/PL  concept,  which  is  supposed  to  provide  an  equilib- 
rium field  water  content,  is  too  rigid  and  not  capable  of  considering 
variations  in  field  conditions  that  may  lead  to  differences  in  availa- 
bility of  water  and  surcharge  pressures.  Figures  33-35  indicate  that 
the  w/PL  concept  is  probably  not  applicable  to  these  soils. 

lOT.  Other  testing  areas.  Figures  36  and  37  show  comparisons  of 
volume  changes  for  soils  from  LAFB,  Fort  Sam  Houston,  and  KAFB.  Volume 

changes  from  laboratory  swell  tests  are  again  similar  to  volume  changes 

2 5 36 

from  the  McDowell  and  the  Schneider  and  Poor^  methods.  The  w/PL  ratio 
again  indicates  apparently  excessive  volume  changes.  The  suction  method 
also  indicated  some  volume  changes  larger  than  those  from  laboratory 
swell  tests.  The  negative  volume  changes  calculated  by  the  suction 
method  for  KAFB  soils  below  8 ft  of  depth  show  the  existence  of  a water 
table.  Groundwater  is  known  to  occur  in  different  areas  of  KAFB. 

108.  Swells  measured  from  CG  tests  may  not  be  as  large  as  swells 
calculated  by  the  suction  method  because  the  time  allotted  for  swell  may 

27 

not  be  adeijuate  to  achieve  full  swelling.  Jennings  et  al.  and 

58 

Prendergast  et  al.  indicate  that  laboratory  swell  tests  may  under- 
predict heave.  .Jennings  et  al.  fo'ind  that  predictions  of  in  situ  heave 
were  about  one  half  of  tlio  actual  heave  if  results  were  used  from  SO 
tests.  TJie  suction  .and  ISO  methods  may  lead  to  better  estimates  of  in 

81 


DEPTH, FT 


b KAFB 

Fipiure  37.  Comparison  of  volume  ohanpies  for  soils  from 
I’ort,  Sam  Houston  and  KAFB 
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situ  heave  if  final  field  conditions,  such  as  vertical  and  lateral 
pressures  and  the  equilibrium  moisture  profile,  can  be  approximated 
adequately. 


8I4 


PART  V:  CONCLUSIONS  AND  RIXOMMENDATIONS 


Conclusions 

109*  Methods  of  determining  swell  potential  often  use  easy  to 
obtain  soil  classification  data,  which  provide  fairly  consistent  values 
for  relative  degrees  of  expansion;  however,  swell  potential  is  not  a 
reliable  indicator  of  in  situ  heave.  Greater  potentials  for  swell  are 
commonly  indicated  by  larger  LL's  and  Pi's  without  regard  to  the  effect 
of  structure  on  swell.  The  suction  method  developed  herein  shows  much 
promise  as  a useful  technique  for  rating  swell  potential  while  including 
the  effects  of  structure. 

110.  Predictions  of  in  situ  heave  are  commonly  made  from  results 
of  swell  tests  performed  in  the  ID  consolidation  apparatus.  These  tests 
are  time-consuming  and  can  be  difficult  to  perform.  Results  from  con- 
solidation swell  tests  may  be  unreliable  if  time  is  not  adequate  to 
achieve  full  saturation  and  swell.  Lateral  pressures,  which  can  be 
significant  in  clay  shales,  are  also  ignored  during  these  swell  tests. 
Swell  pressures  and  volume  changes  evaluated  from  results  of  different 
swell  tests  show  considerable  scatter  that  is  probably  attributable  to 
heterogeneous  soil  samples,  sample  disturbance,  and  the  different  test- 
ing procedures. 

111.  The  suction  method  of  determining  swell  pressures  and  volume 
changes  from  soil  suction  data  is  simple  and  easy  to  perform,  takes 
little  time,  and  requires  relatively  inexpensive  equipment  compared  to 
many  other  methods.  The  suction  method  appears  to  simulate  field  con- 
ditions as  well  as  or  better  than  other  methods  that  use  data  from  lab- 
oratory swell  tests  and,  therefore,  the  suction  method  can  be  applied 
for  predicting  in  situ  heave. 

112.  Overall,  comparisons  of  swell  pressures  calculated  by  the 
suction  method  are  similar  to  results  from  laboratory  swell  tests.  The 
extent  of  the  correlations  of  suction  swell  pressures  with  swell  pres- 
sures measured  from  laboratory  swell  tests  depends  strongly  on  the 
method  of  testing.  Suction  swell  pressures  appear  to  correlate  better 
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with  swell  pressures  measured  from  modified  SO  and  CVS,  maximum  past 
pressure  CVS,  and  ISO  test  results.  The  suction  swell  pressure  is  found 
to  be  a function  of  the  composition,  structure,  void  ratio,  and  specific 
gravity. 

113-  Theory  of  the  suction  method  shows  that  soil  suction  mea- 
sured under  zero  confining  pressure  converges  to  effective  stress  when 
the  degree  of  saturation  is  one.  The  equation  for  predicting  volume 
changes  from  suction  data  is  analogous  to  the  consolidation  equation  for 
calculation  of  settlements.  Suction  indices  computed  by  the  suction 
method  are  larger  than  swell  indices  and  smaller  than  compression  in- 
dices measured  from  relatively  short-term  ID  consolidation  swell  tests. 
Volume  changes  predicted  by  the  suction  method  may  therefore  tend  to  be 
larger  for  identical  moisture  and  confining  conditions  than  volume 
changes  calculated  by  many  other  methods.  Suction  indices  with  the  com- 
pressibility factor  set  equal  to  one  appear  to  be  close  to  the  compres- 
sion indices  based  on  limited  test  data. 

llU.  The  effects  of  lateral  pressures  on  heave  can  be  significant 
and  should  be  considered  for  overconsolidated  soils.  Volume  changes 
predicted  by  various  methods  may  be  excessive  if  significant  lateral 
pressures  exist  and  if  these  pressures  are  not  considered  in  the 
calculations . 


Recommendations 


115.  Comparisons  of  heave  predictions  with  field  data  are  needed 
to  fully  evaluate  different  methods  for  predicting  in  situ  heave.  Ex- 
tensive laboratory  studies  are  needed  to  thoroughly  investigate  the 
more  promising  methods  of  determining  swell  pressure  and  volume  changes 
such  as  the  suction,  modified  SO  and  CVS,  and  maximum  past  pressure  CVS 
methods  used  in  making  in  situ  predictions  of  heave.  Swell  tests  such 
as  the  modified  SO  and  CVS  and  maximum  past  pressure  CVS  tests  need  to 
be  performed  over  extensive  periods  of  time,  perhaps  many  months,  to 
ensure  that  ail  swell  has  occurred,  for  appropriate  comparisons  witii 
other  test  procedures  such  as  the  suction  and  ISO  metiiods.  Simple  and 
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economical  methods,  such  as  those  of  McDowell^^  and  Schneider  and  Poor,^^ 
should  also  be  used  in  comparison  studies. 

116.  Research  is  needed  to  investigate  the  limitations  of  the 
suction  method  at  low  levels  of  suction  for  determining  swell  pressures 
and  volujne  changes.  A theory  may  be  needed  for  determining  swell  pres- 
sures and  volume  changes  at  low  suction  levels  and  for  describing  the 
effects  of  osmotic  suction  on  swell  pressure  and  swell  when  water  avail- 
able to  the  soil  has  a different  chemical  composition  than  the  pore 
water . 

117.  Research  is  needed  to  investigate  relationships  between  soil 

suction,  strength,  and  volume  change  behavior  to  understand  the  effect 

that  soil  strength  has  on  suppressing  swell  pressure  and  volume  changes. 

The  compressibility  factor  for  applied  pressure  and  the  volumetric 

compressibility  a need  study  to  understand  differences  between  these 
s 

factors  and  to  determine  simple  methods  of  evaluation.  The  volumetric 
compressibility  factor  may  be  easily  evaluated  on  undisturbed 

pieces  during  the  suction  measurements.  Simple  ways  of  evaluating 
are  also  needed  to  better  estimate  field  confining  pressures,  which  will 
increase  confidence  in  heave  predictions.  Other  recommendations  include 
performing  swell  tests  on  soil  samples  retained  in  the  original  sampling 
liners  and  determining  void  ratios  directly  on  specimens  used  to  evalu- 
ate the  A and  B parameters,  thus  increasing  reliability  of  results. 
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pressure  of  free  pure  vater. 


Har*;»iu  of  HfClHr.at Ion 


Colloid  Content 
percent  <1  u 


U to  23 
20  to  31 
>28 


Probable  Degree 

Expansion  of 

percent  Expansion 


<l8  >lb  <10  Low 

15  to  28  10  to  l6  10  to  20  Medium 

25  to  ll  7 to  12  20  to  30  High 

>35  <11  >30  Very  High 


The  expansion  measured  on  wetting  from  air-dry  to  saturation  under  a l-psi 
surcharge  pressure 


Dak3hariaJnurt^*y  and  Pamar. 


LL  Degree  of  Expansion 

20  to  35  Low 

35  to  50  Medium 

50  to  70  High 

70  to  90  Very  High 

>90  Extra  High 


.'•eed,  W-.<vjwarl,  and  Lun.lgren 


<1.5 

1.5  to  5.0 
5.0  to  25.0 
>25.0 


Degree  of  Expansion 
Low 

Medium 

High 

Very  High 


2 1*1* 

S ■ 0.00216PI  ' compacted  at  optimum  water  content  at  maximum  density  to 
saturation  tor  2-psl  surcharge  pressure  (useful  for  compacted  soils) 


Vijayverglya  and  Sullivan^^ 


logjQ  PS  ■ 0.0526y^  ♦ 0.033LL  - 6.6  from  natural  water  content  for  1-psl 
surcharge  pressure  (useful  for  natural  soils) 


Nayax  and  Christensen 


PS  • O.0229PI  ’ ^C/w  ♦ 6.30  for  1-psl  surchetrge  pressure  (useful  for  com- 
pacted soil) 


Vljayv»*rglya  and  Ihazialy 


1 >KlO  ^ * 1/12(0. ULL  - ''o  * 5.5)  from  natural  water  content  w^  to  satu- 
ration for  a 0.1-tsf  surcharge  pressure  (useful  for  natural  soils) 


The  potential  volume  chaxige  (PVC)  based  on  a field  testing  device  in  which 
the  swelling  pressure  under  a 200-psf  surcharge  pressure  at  the  end  of 
2 hr  is  related  to  a rating  of  the  PVC  meter.  Swell  pressures  are  under- 
estimated due  to  swell  that  compresses  the  proving  ring 


Expansion  index  test 


A swell  test  performed  in  a ID  consolidation  frame  on  a compacted  specimen 
with  degree  of  saturation  adjusted  between  49  and  51  percent.  The  volume 
change  after  submerging  the  specimen  in  distilled  water  Is  measured  for  a 
l-psi  surcharge  pressure  (useful  as  a basic  swelling  index  property) 


Dielectric  dispersion  test 


7*he  difference  in  dielectric  constant  at  frequencies  of  alternating  current 
at  about  3 * 10^  Hz  and  75  " 10”  Hz  is  the  magnitude  of  dielectric  dis- 
persion ACq  . Mineralogy  and  amount  of  clay  predominately  affect  . 

AIq  is  related  to  the  expansion  index  determined  by  the  expansion  Index 

test 


Table  U 

Description  of  Solla 


Location Description  of  ^11 

Clinton,  Miss.  The  priaary  soil,  Yazoo  clay,  is  a fat,  stiff  aarlne 

clay  of  the  Jackson  group.  Upper  portions  of  the 
Yazoo  clay  may  be  weathered  to  a yellow  or  light 
brown  containing  Joints  or  sllckensldea.  Oypsua 
crystals  In  the  selenite  fora  are  cosMonly  found. 
Lower  portions  of  Yazoo  clay  are  unweathered,  not 
Jointed,  hoaogeneous,  calcareous,  fossllferous, 
blue«-green  to  blue-gray  color  with  soae  pyrite. 
Overburden  soil  is  a lean  clay,  loessial  aaterial 
above  about  6 ft  below  ground  surface 


lAFB,  Tex.  The  prisMry  soil.  Upper  Midway,  is  a weathered,  tan. 

Test  Pier  Site  (Ifo.  1)  clayey  shale.  Overbvurden  consists  of  about  6 ft 

of  black,  fat  clay  overlying  about  U ft  of  light, 
tan  clayey  shale 


Dental  Clinic 
(Kos.  ?,  3.  **) 


fort  Saa  Houston, 
Tex. 


KATB,  Tex. 


fort  Carson,  Colo. 


The  priaary  soil,  Navarro,  is  weathered,  sandy, 

calcareous,  hoaogeneous  shale  with  occasional  line- 
stone  concretions.  The  light  brown  or  gray  shale  is 
fractured,  Jointed,  and  contains  soae  iron  oxide. 
Above  l6  ft  it  is  a light-colored  lean  clay.  A fat, 
black  to  brown  clay  lies  above  6 to  6 ft. 

The  prlaary  soil,  Taylor,  is  a weathered,  slightly 
silty,  calcareous,  tan  clay  shale.  The  shale  is 
Jointed  and  fractured  to  depths  of  nore  than  50  ft. 
Overburden  averages  12  ft  in  depth  of  calcareous 
black,  fat  clay 

The  priaary  soils.  Lower  Midway  and  Navarro,  are 
sandy,  tan  clay  shales.  The  soil  is  fractured, 
Jointed,  and  weathered,  containing  large  portions  of 
white,  calcareous  deposits.  The  overburden  con- 
sists of  from  0 to  5 ft  of  black,  fat  clay 

lYie  priaary  soil,  Pierre  shale,  below  about  0 ft  is 
very  stiff,  sandy,  dark  gray,  silty,  carbonaceous 
claystone  and  siltstone  containing  frequent  ben- 
tonite seaas.  Overburden  is  a brown,  calcareous, 
fat,  aoist  clay  containing  soae  gypsia 


Cliaate 

Wans  and  huaid,  50  in. 
of  rain  annually 


Seaiarid,  30  in.  of  rain 
annually 


Seaiarid,  30  in.  of  rain 
annual ly 


Seaiarid,  30  in.  of  rain 
annually 


Seaiarid,  23  in.  of  rain 
annusdly 


I 


Table  5 

Claeslflcatlon  Data 


Saaple 

Depth, 

. n 

Specific 

Gravity 

G 

8 

Atterberx  Liaits 
LL  PL  PI 

Natural  Water 
Content , percent 

Natural  Void 
Ratio 

Clay 

Fraction  C , 
Percent  <2  u 

Clinton 

3 

3.5 

to 

4.9 

2.70 

42 

21 

21 

26.0 

0.73 

23 

L 

6.0 

to 

7.0 

2.70 

68 

20 

48 

32.0 

0.85 

58 

7 

10.1 

to 

11.1 

2.78 

97 

25 

72 

44.5 

1.18 

69 

1? 

16,1 

to 

17.1 

2.73 

111 

29 

82 

49.7 

1.30 

80 

25 

30.1 

to 

31.2 

2.73 

100 

30 

70 

45.5 

1.15 

70 

Fort  Carson 

PI -5 

4.0 

to 

5.3 

2.75 

43 

22 

21 

17.0 

0.53 

28 

5.T 

to 

7.0 

2.75 

49 

19 

30 

22.0 

o.6o 

37 

PU-7 

7.0 

to 

8.1 

2.76 

43 

21 

22 

17.1 

0.52 

31 

PI. -9 

111. 6 

to 

15.7 

2.78 

43 

21 

22 

15.0 

0.52 

31 

BOQ3-10 

14.7 

to 

15.7 

2.75 

43 

22 

21 

17.3 

0.42 

41 

BOQ3-PO 

2h.7 

to 

26.0 

2.76 

70 

19 

51 

13.0 

0.37 

46 

BOQ3-23 

29.5 

to 

30.5 

2.74 

54 

17 

37 

10.6 

0.31 

40 

BOQ3-P7 

31*. 2 

to 

35.2 

2.71 

73 

19 

54 

9.6 

0.25 

35 

lAFB  Ko.  1 

3 

3.2 

to 

4.2 

— 

69 

23 

46 

31.7 

0.97 

42 

U 

l*.3 

to 

5.2 

2.78 

58 

26 

32 

33.8 

1.04 

62 

11 

ll*.3 

to 

15.3 

2.76 

73 

23 

50 

31.9 

0.87 

53 

15 

27.3 

to 

28.3 

2.75 

78 

30 

48 

30.6 

0.83 

51 

IT 

29.0 

to 

30.0 

2.76 

80 

29 

51 

29.4 

0.87 

55 

23 

37.1, 

to 

38.7 

2.73 

82 

21 

61 

30.2 

0.8l 

57 

28 

1,6.5 

to 

47.4 

2.73 

74 

24 

50 

29.6 

0.77 

52 

LAFB  Ho.  2 

U 

3.6 

to 

4.3 

2.68 

74 

24 

50 

29.5 

0.78 

34 

9 

20.1, 

to 

21.5 

2.72 

50 

25 

25 

19.2 

0.52 

28 

11 

27.7 

to 

28.6 

2.71 

54 

22 

32 

20.5 

0.55 

32 

LAFB  Ho.  3 

? 

3.2 

to 

4.6 

2.70 

67 

22 

45 

25.7 

0.76 

— 

18 

19.8 

to 

20.8 

2.71 

45 

21 

24 

18.2 

0.44 

28 

29 

31.1 

to 

32.4 

2.72 

54 

22 

32 

19.6 

0.54 

32 

40 

41,.  7 

to 

45.8 

2.72 

49 

18 

31 

19.4 

0.51 

33 

LAFB  No.  4 

2 

2.8 

to 

3.9 

2.69 

75 

29 

46 

31.6 

0.88 

— 

3 

4.0 

to 

5.0 

2.71 

67 

24 

43 

31.0 

0.94 

— 

Fort  Houston 

3 

2.0 

to 

3.0 

2.67 

57 

25 

32 

26.0 

0.87 

31 

7 

7.2 

to 

7.9 

2.75 

6l 

23 

38 

30.0 

0.89 

47 

13 

19.7 

to 

21.0 

2.72 

67 

22 

45 

25.6 

0.71 

47 

KAFB 

4 

8.? 

to 

9.5 

2.81 

42 

19 

23 

27.2  to  37.9 

0.96 

18 

5 

9.8 

to 

10.8 

2.84 

— 

— 

— 

22.7  to  28.7 

0.90 

18 

9 

14.4 

to 

15.5 

2.74 

55 

35 

20 

33.7  to  35.6 

1.02 

33 

14 

20.7 

to 

21.2 

2.75 

46 

20 

?6 

37.5  to  43.9 

1.27 

37 

J 
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Table  6 

Soil  Suction  Parameters 


Sample 

A 

B 

A - BPL 

A T ] 

Clinton 

3 

3.120 

0.130 

0.39 

24.0 

U 

3.670 

0.130 

1.07 

28.2 

7 

4.100 

0.100 

1.60 

4l.O 

12 

5.280 

0.100 

2.38 

52.8 

25 

5.640 

0.110 

2.34 

51.3 

Fort  Carson 

Pl-5 

3.766 

0.182 

-0.24 

20.7 

BOQS-li 

6.380 

0.310 

0.50 

20.6 

PU-7 

3.766 

0.182 

-0.05 

20.7 

Pi»-9 

3.766 

0.182 

-0.05 

20.7 

B0Q3-10 

4.250 

0.250 

-1.00 

17.0 

B0Q3-20 

3.850 

0.250 

-0.90 

15.4 

BOQ3-23 

4.028 

0.294 

-0.97 

13.7 

BOQ3-27 

5.210 

0.410 

-2.58 

12.7 

LAFB  No.  1 

3 

6.750 

0.250 

1.00 

27.0 

U 

4.520 

0.135 

1.04 

33.4 

11 

4.680 

0.130 

1.69 

36.1 

15 

5.460 

0.150 

0.96 

36. 4 

17 

5.835 

0.179 

0.64 

32.6 

23 

4.430 

0.120 

1.91 

37.0 

28 

4.240 

0.120 

1.36 

35.4 

LAFB  No.  2 

4 

5.250 

0.187 

0.77 

28.1 

9 

4.500 

0.250 

-1.75 

18.0 

11 

3.920 

0.200 

-0.48 

19.6 

LAFB  No.  3 

2 

7.050 

0.250 

1.25 

28.2 

18 

5.370 

0.278 

-0.46 

19.3 

29 

5.170 

0.278 

-0.95 

18.6 

uo 

5-330 

0.271 

0.35 

19.6 

LAFB  No.  4 

2 

5.100 

0.150 

0.75 

34.0 

3 

3.880 

0.100 

1.48 

38.8 

(Continued) 


Table  6 (Concluded) 


Sample 

A 

B 

A - BPL 

Fort  Sam  Houston 

3 

4.780 

0.170 

0.53 

T 

3.920 

0.111 

1.36 

13 

3.56 

0.111 

1.11 

KAFB 

U 

6.25 

0.303 

0.49 

5 

5.02 

0.227 

0.70 

9 

3.81 

0.111 

-0.08 

14 

5.72 

0.139 

2.94 

i 


A T B 


28.1 

35.3 

32.0 


20.6 
22.1 
31*.  3 
41.2 


Table  7 

Experimental  Compressibility  Factors 


Vertical 

Compressibility 


Sample 

Depth,  ft 

PI 

Factor 

Clinton* 

U 

3.5  to  1+.3 

17 

O.OU 

10 

11.0  to  12.1 

88 

0.93 

18 

21.0  to  22.1 

70 

0.67 

26 

31.0  to  32.1 

73 

0.6*4 

LAFB* 

3 

2.5  to  3.6 

*4  *4 

0.51 

6 

6.1  to  7.1 

39 

O.Ul 

12 

17.0  to  17.6 

58 

0.58 

36 

U6.9  to  1+8. U 

58 

0.65 

Fort  Carson 

B0Q3-‘+ 

5.7  to  7.0 

30 

0.22 

B0Q3-10 

Ik.l  to  15.7 

21 

0.30 

B0Q3-20 

2U.7  to  26.0 

51 

O.kk 

BOQ3-2T 

3*4.2  to  35.2 

5*4 

0.53 

• From  Reference  Ul. 


Table  8 

Comparisons  of  Initial  Suction  and  Suction 
Swell  Pressure 


Initial 

Suction 

Sample 

T°  , tsf 
mo 

Clinton 

3 

0.58 

1+ 

0.31+ 

7 

0.1*7 

12 

2.16 

25 

1+.57 

Fort  Carson 

Pl-5 

I+.97 

BOQ3-1+ 

0.38 

pl+-7 

1+.77 

pl+-9 

11.1*9 

B0Q3-10 

0.89 

BOQ3-20 

1+.21 

BOQ3-23 

8.63 

BOQ3-27 

19.00 

LAFB  No.  1 

3 

0.07 

1+ 

0.96 

11 

3.61 

15 

7.81+ 

17 

3.95 

23 

6.77 

28 

5.16 

LAFB  No.  2 

1+ 

0.57 

9 

0.53 

11 

0.70 

LAFB  No.  3 

2 

1+.1+6 

18 

2.16 

29 

0.56 

1+0 

1.25 

LAFB  No.  1+ 

2 

2.1*2 

3 

6.38 

(Continued) 

Suction  Swell 

Pressure 

SP  , tsf 
s 


0.1+3 

0.1+0 

0.76 

3.1+9 

10.73 


1.92 

0.1+1+ 

2.30 

2.1+3 

2.86 

3.33 

5.32 


0.01 

0.31 

I+.OI+ 

9.06 

1.65 

7.81+ 

7.58 


0.68 

0.56 

0.77 


1.09 

7.60 

0.1+7 

1.88 


1.65 

2.73 


_ -A 


Table  8 (Concluded) 


Sample 


Initial 


T 


Suction 


o 

mo 


tsf 


Suction  Swell 

Pressure 

SP  , tsf 
s 


Fort  Sam  Houston 

3 2,h2  0.18 
7 h.l2  2.25 
13  5.53  ^.86 


KAFB 

h 

5 

9 

lU 


0.01 

0.00 

0.78 

0.01 

0.89 

0.50 

1.11 

0.21 

Table  9 

Comparisons  of  Swell  Pressures 


Swell  Pressure  31',  tsf,  in  Cited  Test 

Maxim'jm 

Past 


San.pl  e 

Suction 

Multiple 

so 

Modified 

so 

Modified 

CVS 

Pressure 

CVS 

ISO 

SP 

Clinton 

3 

0.U3 

1.50 

— 

1.15* 

— 

— 

— 

h 

0.3l 

0.32 

— 

1.15* 

— 

— 

— 

7 

0.17 

3.05 

— 

0.95* 

— 

— 

— 

12 

2.l6 

3.05 

— 

1.53* 

— 

— 

— 

25 

14.57 

lU.80 

— 

2.62* 

“ 

— 

— 

Fort  Carson 

Pl-5 

1.92 

— 

1.00 

O.Ul 

0.79 

1.10 

0.26 

Pl*-T 

2.30 

— 

1.05 

0.145 

— 

— 

— 

PU-9 

2.U3 

— 

0.9^4 

I.I46 

— 

— 

— 

BOQ3-23 

5.32 

— 

3.20 

2.I4O 

7.20 

k,6i 

0.26 

LAFB  No.  1 


3 

0.01 

1.20 

— 

— 

— 

— 

— 

k 

0.31 

— 

O.hO 

0.30 

0.  i+6 

0.39 

O.lU 

11 

3.61 

6.70 

— 

— 

— 

— 

— 

15 

7.8I4 

33.10 

— 

— 

— 

— 

— 

17 

1.65 

— 

6.  ko 

2.85 

5.10 

8.00 

0.87 

23 

6.77 

33.10 

— 

— 

— 



— 

28 

5.16 

33.10 

— 

— 

— 

— 

— 

LAFB 

No.  2 
U 

0.57 

11.30 

9 

0.53 

3.00 

— 

— 

— 

— 

— 

11 

0.70 

5.85 

— 

— 

— 

— 

— 

LAFB 

No.  3 
2 

1.09 

3.23 

18 

2.16 

I4.L0 

— 









29 

0.U7 

10.70 

— 

— 

— 

— 

-- 

I4O 

1.25 

10.70 

— 

— 

— 

— 

— 

LAFB 

No.  I4 
2 

1.65 

2.50 

3 

2.73 

1.62 

— 

— 

-- 

— 

— 

Fort 

Sam  Houston 
3 

0.18 

0.53 

7 

2.25 

— 

1.00 

0.88 

— 

-- 

13 

I4.86 

-- 

3.25 

— 

— 

-- 

— 

KAFB 

I4 

0.00 

— 

<0.50 

— 

— 

— 

— 

5 

0.01 

— 

Collapsed 

— 

— 

— 

— 

9 

0.50 

— 

<0.86 

— 

— 

— 

-- 

Ik 

0.21 

— 

1.67 

1.38 

— 

-- 

* From  Reference  51 
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APPENDIX  A:  NOTATION 


A 

B 

B 

B 

_r 

B 

u 

BR 

C 

C 

c 

C 

s 

CS 

c 

sr 


CVS 

c 

T 

c 

ir 

C 

TU 

C 

Ta 

C - 
ta 

DO 

DR 

e 

e 

o 

e 

c\ 


Suction  parameter 

Skempton's  pore  pressure  parameter 
Suction  parameter 

Suction  parfimeter  of  remolded  soil 
Suction  parameter  of  undisturbed  soil 
Bureau  of  Reclamation^^  (method) 

Clay  fraction  (colloid  content),  percent  <1  p 
Compression  index 
Swell  index 

Consolidation  swell  (test) 

Swell  index  of  remolded  soil 

Swell  index  of  undisturbed  soil 

Constant  volume  swell  (test) 

Suction  index  (9e/3  log  t°) 

m 

Suction  index  of  remolded  soil 
Suction  index  of  undisturbed  soil 

Suction  index  with  respect  to  the  volumetric  compressibility 
factor  a 

Suction  index  with  respect  to  the  vertical  compressibility 
factor  a 

Double  oedometer  (test) 

Dakshanamurtliy  and  Raman^^  (method) 

Void  ratio 
Final  void  ratio 
Initial  void  ratio 

Void  ratio  at  the  seating  pressure  of  a consolidometer 
following  access  to  free  water 

Void  ratio  at  the  overburden  pressure  o following  access  to 
free  water 

Microvolt  output  at  t°C 
Microvolt  output  at  25°C 
Specific  gravity 

Vertical  distance  above  the  depth  of  the  active  zone  h^  , ft 


A1 


Depth  of  the  active  zone  below  ground  surface,  ft 

H Thickness  of  clay  stratum,  ft 

ISO  Improved  simple  oedometer  (test) 

K Coefficient  of  earth  pressure  at  rest  with  respect  to  total 

pressure 

K Coefficient  of  earth  pressure  at  rest  with  respect  to  effective 

o 

pressure 

LL  Liquid  limit 

1 8 

NC  Nayak  and  Christensen  (method) 

OCR  Overconsolidation  ratio 

p Pressure  of  water  vapor,  atm 

p^  Pressure  of  saturated  water  vapor,  atm 

P Vapor  pressure  of  the  pore  water  extract 

P Extraction  air  pressure  applied  to  specimen  in  pressure 

membrane  apparatus,  atm 

P Loading  pressure  applied  to  specimen  in  pressure  membrane 

apparatus , atm 

Pq  Vapor  pressure  of  free  pure  water 

(PE)p  Potential  expansiveness  per  foot  of  depth,  in. 

PI  Plasticity  index 

PL  Plastic  limit 

PS  Percent  swell 

PVC  Potential  volume  change 

Q An  exponent 

R Universal  gas  constant  (82.06  cc-atm/°K-mole ) 

S Degree  of  saturation,  fraction 

SP^  Suction  swell  pressure,  atm  or  tsf 

SL  Shrinkage  limit  .i 

SO  Swell  overburden  (test) 

SP  Swell  pressure,  tsf 

SWL  Seed,  Woodward,  and  Lundgren^^  (method) 

t Temperature,  °C 

T Absolute  temperature,  °K 

u^  Pore  water  pressure,  tsf 

V Volume,  cu  ft 

A2 

r-  - — - 'd 


V Specific  total  volume  (1  + e)/G 

i 1 n ^ 

VG  Vijuyverpiya  and  Ghazzaly  (method) 

VS  Vijayvergiya  and  Sullivan^ ^ (method) 

V Volume  of  a mole  of  liquid  water  (l8.0?  cc ) 

mv  ’ 

w Water  content,  percent  dry  weight 

w^  initial  water  content,  percent  dry  weight 

w^  Water  content  at  air  entry,  percent  dry  weight 

a Volumetric  compressibility  factor 

Compressibility  factor  for  volume  changes  at  zero  water  content 

Compressibility  factor  of  remolded  soil 

a Compressibility  factor  for  volume  changes 

s 

Compressibility  factor  of  undisturbed  soil 
Compressibility  factor  for  applied  pressure  o 
a Vertical  compressibility  factor 

Unit  dry  density,  g/cc 

Y Unit  weight  of  water,  g/cc 
w 

A Change  in;  e.g.,  Ao 

o Total  applied  confining  pressure,  tsf 

Oj,  Final  total  confining  pressure,  tsf 

Total  horizontal  pressure,  tsf 

0^  Total  vertical  pressure,  tsf 

o Pressure  in  a consolidometer  simulating  the  original  in  situ 

vertical  overburden  pressure,  tsf 

a Effective  pressure,  tsf 

0^  Effective  horizontal  pressure,  tsf 

a Effective  vertical  pressure,  tsf 

V 

T Total  suction,  atm 

Total  suction  without  surcharge  pressure,  atm 

Matrix  suction  under  total  applied  pressure  o , atm  or  tsf 

T Osmotic  suction,  atm 

s 

T „ Final  matrix  suction  under  final  total  applied  pressure  a , 
atm  or  tsf 

T Negative  matrix  suction  head  at  distance  h above  the  depth 

of  the  active  zone  h^  , ft 

T ^ Negative  matrix  suction  head  at  the  depth  of  the  active  zone 

'f'h. 


A3 


Matrix  suction  without  surcharge  pressure,  atm  or  tsf 
Final  matrix  suction  without  surcharge  pressure,  atm  or  tsf 
Initial  matrix  suction  without  surcharge  pressure,  atm  or  tsf 
One-dimensional  (apparatus) 

\ 
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